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SUMMARY 
Small-conductance calcium-activated potassium (SK) channels play an 
important role in regulating neuronal excitability. Recent evidence indicates SK 
channels regulate NMDA receptor activation in dendritic spines and play a role 
in regulating synaptic plasticity. Using confocal fluorescent calcium imaging, we 
investigate the activation of SK channels in spines and dendrites of layer 5 (LS) 
cortical pyramidal neurons during action potentials (APs). The inhibition of SK 
channels with apamin results in a location-dependent increase in calcium influx 
into dendrites and spines during backpropagating APs (average increase 
~40%). This effect was occluded by block of R-type voltage-dependent calcium 
channels (VDCCs), but not by inhibition of N- or P/Q-type VDCCs, or block of 
calcium release from intracellular stores. These results indicate that dendritic 
SK channels regulate calcium influx into dendrites and spines presumably by 
regulating the waveform of the backpropagating action potential. In addition, 
they show that SK channel activation is specifically controlled by calcium influx 
through R-type VDCCs, complimenting previous work indicating that SK 
channels are located within 25-50 nm of their calcium source, in a calcium 
nanodomain. 
SK channels have also long been known to contribute to the medium 
afterhyperpolarization (mAHP) at the soma for many neuronal types, including 
LS pyramidal neurons, where they regulate action potential output gain and the 
propensity for burst firing. During the experiments using confocal calcium 
imaging we noticed that the calcium indicator used, Oregon Green BAPTA-1, 
which acts as a fast calcium buffer, blocked the SK mAHP. Subsequent 
experiments using low concentrations of the slow calcium buffer EGTA (1 mM) 
produced the same result, suggesting that somatic SK channels are not tightly 
co-localised with their calcium source. We estimate a coupling distance of 
greater than 150 nm, suggesting that calcium signaling between somatic SK 
channels and their calcium source occurs within a microdomain. Consistent with 
this idea, we show that all known subtypes of VDCCs except R-type were 
calcium sources for the apamin-sensitive mAHP at the soma. 
Spike timing dependent plasticity (STOP) is a form of plasticity whereby the 
strength of connections between neurons in the brain are modulated following 
the pairing of postsynaptic APs with presynaptic activity within a narrow time 
window. The influx of calcium during EPSP-AP pairing is crucial to the induction 
of STOP. Given we show that dendritic SK channels can be activated by and 
influence calcium influx during bAPs, we investigated whether dendritic SK 
channel activation by bAPs can regulate STOP. We show that SK channels 
activated by bAPs significantly suppress EPSPs at negative timings for LS-LS 
synaptic connections by dampening the activation of NMDA receptors. SK 
channels also suppressed EPSPs in layer 2/3 and hippocampal CA 1 pyramidal 
neurons. Finally, we show that the induction of both L TP and LTD for LS-LS 
synaptic connections is constrained by SK channel activation , presumably 
through their capacity to limit dendritic calcium influx during EPSP-AP pairing. 
In conclusion , these findings provide new insights into the function of SK 
channels and the multifaceted role calcium plays in neuronal function. 
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Chapter 1 1 
CHAPTER 1: GENERAL INTRODUCTION 
GENERAL BACKGROUND 
Single neurons in the brain receive thousands of synaptic inputs that are 
integrated in time and space to ultimately trigger an all-or-none action potential 
(AP). The mechanisms employed to achieve such integration are complex and 
varied, depending the site of synaptic input, neuronal morphology and the 
properties and distribution of ion channels in the dendritic tree. 
Since the morphological investigations carried out by Santiago Ramon y Cajal 
in the late 19th and early 20th century, how neurons receive and process 
synaptic inputs has been under intense investigation and-debate. It was Cajal 
(1911) that provided the foundational evidence for the neuron model , 
hypothesizing that single nerve cells , or neurons, function as individual units 
within the brain . In addition , Cajal 's 'dynamic polarization ' hypothesis proposed 
a theory for information flow in the brain , suggesting that neurons receive 
signals onto their dendritic tree, which then travel towards the soma and along 
the axon to terminate onto neighbouring neurons. These two concepts are still 
central to our current understanding of neurobiology. 
Even though neurons display a variety of morphologies , almost all have 
dendritic and axonal compartments connected by the soma. Each of these 
compartments receives and processes information differently. The majority of 
synaptic inputs converge onto the dendritic tree, the morphology of wh ich is 
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highly variable across neuronal types, ranging from the highly branched 
Purkinje neuron to the single branched olfactory sensing cell (Fiala & Harris, 
1999). Synaptic inputs cause -localized activation of ligand-gated ion channels 
within the postsynaptic membrane, which in turn, depending on the input type, 
evoke postsynaptic potentials (PSPs) that are either excitatory (EPSPs), 
causing depolarization, or inhibitory (IPSPs), causing hyperpolarization. The 
resulting PSP then propagates towards the axon, specialized for generating the 
AP due to a high density of voltage-gated sodium channels (Colbert & 
Johnston, 1996; Stuart et al., 1997; Palmer & Stuart, 2006; Kole et al., 2008). 
Generally, a multitude of excitatory inputs are required for the membrane 
potential to reach AP threshold. Furthermore, EPSPs attenuate significantly as 
they propagate through the dendritic tree, and can be significantly reduced by 
inhibitory input. Once initiated, APs propagate down the axon to trigger 
neurotransmitter release onto postsynaptic neurons, influencing their activity. In 
this way, groups of interconnected neurons form complex networks that perform 
multiple roles in information processing. 
SIGNALING IN DENDRITES 
A significant amount of integrat!on and computation occurs in dendrites. Initially 
it was thought that the electrical behavior of dendrites could be entirely 
explained using passive cable theory, which uses the variables of membrane 
resistance (Rm), membrane capacitance (Cm) and axial resistance (Ri) to predict 
dendritic electrical properties (Rall, 1959). This extensive literature spanning 
many decades has not always been in agreement as physiological values for 
Rm, Cm and Ri were difficult to obtain and often based on electrical recordings 
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made at the soma (Spruston et al. , 1994 ). In addition, whilst passive properties 
play a significant role, it was later found that active conductances present within 
dendrites have the capacity to defy predictions of passive cable theory 
(Johnston et al., 1996 for review). The advent of direct electrical recordings from 
dendrites (Stuart et al., 1993) allowed a more precise description of dendritic 
properties and how they influence synaptic integration. A significant discovery 
was that APs are actively propagated antidromically from the axon into the 
dendritic tree of layer 5 (L5) cortical pyramidal neurons where voltage-gated 
sodium channels (VGSCs), expressed along the apical dendrite, facilitate the 
spread of APs into thinner distal dendrites (Stuart & Sakmann, 1994 ). This 
phenomenon of active backpropagation has also been demonstrated in other 
types of neurons including CA 1 pyramidal neurons of the hippocampus 
(Spruston et al., 1995), dopaminergic neurons in the substantia nigra (Hausser 
et al. , 1995) and layer 2/3 (L2/3) cortical pyramidal neurons (Larkum et al., 
2007). In addition , dendritic VGSCs can also mediate dendritic sodium spikes, 
which can trigger somatic APs and amplify backpropagating APs (bAPs) when 
APs and EPSPs are simultaneously evoked (Stuart et al. , 1997; Golding et al. , 
1998; Stuart & Hausser, 2001 ). Other active dendritic events involving voltage-
dependent calcium channels (VDCCs), called dendritic calcium spikes, have 
also been described in multiple cell types. These large calcium dependent 
electrical events are a crucial determinant of distal dendritic integration and 
have been observed both in vitro and -in vivo where they propagate readily 
towards the soma and influence AP output (Schiller et al. , 1997; Larkum et al., 
1998; Schiller et al., 2000, Losonczy & Magee, 2006; Larkum et al., 2009; Smith 
et al. , 2013). Finally, activation of NMDARs can lead to the generation of NMDA 
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spikes, which have also been proposed to play a key role in active dendritic 
integration (Schiller et al., 2000; Larkum et al., 2009;Larvzin et al., 2012). 
Dendritic morphology is a key determinant of the electrical properties of 
dendrites, with increases in axial resistance and input impedance occurring as a 
function of distance from the soma due to decreases in dendritic diameter (Jack 
et al., 1975; Rinzel & Rall, 1974; Spruston, 2008). As a consequence, EPSPs 
recorded at distal locations cause signifi cantly larger local voltage changes than 
those at more proximal locations (Wi lliams & Stuart, 2002; Nevian et al., 2007 ). 
This may explain why excitatory synaptic responses at more distal locations 
have a more pronounced NMDAR component compared to responses at 
proximal locations (Branco & Hausser, 2011 ). Distal synaptic conductances 
have also been shown to be increased for a subset of inputs to CA 1 pyramidal 
neurons (Magee & Cook, 2000; Nicholson et al., 2006), which compensates for 
attenuation of EPSPs as they propagate to the soma, although has been shown 
not to occur in LS pyramidal neurons (Will iams & Stuart, 2002). The 
effectiveness of th is "synaptic scaling" is limited due to the reduction in electri cal 
driv ing force associated with large local EPSP amplitudes at distal locations. 
Collectively, the effects of increasing input impedance and synaptic scaling 
enhance the recru itment of voltage-dependent conductances such as VDSCs, 
VDCCs and NMDARs, and facil itates the initiation of dendritic spikes (Larkum et 
al., 2009; Katz et al., 2009). This allows distal synaptic inputs to influence 
soma ic AP output despite the attenuation they individually undergo (which can 
exceed 100 fold) as they propagate to the soma. 
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As large excitatory events can be readily generated in distal dendrites, there are 
also mechanisms that dampen excitability in these dendritic regions. 
Hyperpolarization-activated cation (HCN) channels, mediating the current called 
lh, are expressed in a somato-dendritic gradient along the apical dendrite of 
cortical LS and hippocampal CA 1 pyramidal neurons (Magee, 1998; Williams & 
Stuart, 2000; Berger et al., 2001; Lorincz et al., 2002; Kole et al. , 2006; George 
et al., 2009), but are not present in layer 2/3 or CA3 pyramidal neurons (Lorincz 
et al., 2002). lh has a profound impact on dendritic excitability. HCN channels 
are active at resting membrane potentials , keeping dendritic input resistance 
relatively low, and deactivate with depolarisation provided by EPSPs and other 
regenerative events (Magee & Cook, 2000; Williams & Stuart, 2002). In 
addition, various voltage-dependent potassium channels, mediating the 
currents IA, IK and IM, are also readily expressed in distal dendritic regions 
(Hoffman et al., 1997; Bekkers, 2000; Korngreen & Sakmann, 2000; Johnston 
et al., 2000; Losonczy et al., 2008; Harnett et al. , 2013; but see Schaefer et al. , 
2007). Therefore, even though both passive and active membrane properties at 
distal dendritic regions can act to facilitate excitatory signals, the presence of 
opposing conductances keeps dendritic excitability in check. 
DENDRITIC SPINES 
For most excitatory neurons, the majority of glutamatergic synapses are made 
onto small protuberances projecting from the dendritic shaft called dendritic 
spines. Each spine usually houses the postsynaptic terminal of a single 
glutamatergic synapse and thus the number of spines on a given excitatory 
neuron equates to the minimum number of excitatory inputs that neuron 
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receives, which varys according to brain region and species (Elston & DeFelipe, 
2002; Ballesteros-Yanez, et al., 2006). 
Spines display considerable variability in both size and shape (Sarra & Harris, 
2000) and are very plastic (Kasai et al., 2010). Most of what we know about 
spines has been gathered from in vitro investigations where in both culture and 
acute slice preparations spines are highly dynamic (Engert & Bonhoeffer, 1999; 
Bonhoeffer & Yuste, 2002; Nager! et al., 2004 ). Although knowledge about the 
properties of spines in vivo is somewhat limited, recent investigations confirm 
the dynamicity and persistence of spines during memory formation 
(Trachtenberg et al., 2002; Roberts et al., 201 0; Wilbrecht et al., 2010) and 
storage (Yang et al., 2009). Both in vitro and in vivo there are both stable and 
more plastic populations of spines and these populations change with 
experience (Nagerl et al., 2007). Evidence suggests that thinner spines are 
more dynamic and might be available to contribute to learning and memory 
formation (Jourdain et al., 2003; Holmaat et al., 2005), whereas large spines 
are more stable and might be more important for memory storage (Holmaat et 
al., 2006). In addition , spine maturation correlates strongly with synaptic 
strength and spine size (Matsuzaki et al., 2001; Matsuzaki et al., 2004; Zito et 
al., 2009). Repeated focal activation of glutamate receptors on the dendritic 
shaft can also lead to rapid spine formation (Kwon & Sabatini, 2011 ). In 
addition, the continued activation of small spines often leads to enlargement 
and an increase in responsiveness (Matsuzaki et al. , 2004 ). These studies 
suggest that immature spines are generally small, dynamic and produce small 
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electrical responses, whereas mature spines, associated with memory 
retention, are large and produce strong electrical responses. 
Electrical properties of dendritic spines 
Due to their small size, obtaining experimental data from spines continues to be 
a significant challenge. As a result, investigations into the electrical properties of 
spines have largely been conducted in silica using analytical and/or 
computational approaches. These theoretical models can be grouped into 
passive and active, depending on whether they incorporate the contribution of 
dendritic voltage-gated conductances or not. Passive models of spines purely 
using cable theory to determine the electrical consequences of spine 
morphology highlighted the asymmetry between the spine head and the parent 
dendrite, created by the small local capacitance and the high input resistance of 
the spine head (Llinas & Hillman, 1969; Rall & Rinzel, 1971; Jack et al., 1975; 
Rall , 1978; Koch & Poggio 1983a; Koch & Poggio 1983b; Koch & Zador, 1993). 
These studies predict that dendritic voltage changes will invade spines without 
attenuation, whereas EPSPs propagating from the spine to the dendrite are 
likely to" attenuate appreciably depending largely on the magnitude of the spine 
neck resistance. In addition, the high input resistance and small capacitance of 
the spine head means that the amplitude of EPSPs in spines is likely to be 
enhanced compared to EPSPs generated directly into the dendritic shaft (Rall & 
Rinzel, 1971; Koch & Zador, 1993). 
These early passive models predicted that if the spine neck resistance is high it 
could augment attenuation from the spine head to the parent dendrite (Chang 
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1952; Llinas & Hillman 1969; Rall & Rinzel, 1971; Jack et al. , 1975) by reducing 
EPSC driving force in the spine head. It was also proposed that alterations to 
spine neck length , and thereby resistance, might impact on synaptic strength 
(Crick 1982; Rall 1978). Initial estimates based on models incorporating 
ultrastructural and diffusional coupl ing information predict a spine neck 
conductance of between 2 and 1000 nanosiemens (nS) (Harris & Stevens 
1988; Svoboda et al., 1996). These predictions of neck conductance are much 
higher than measured synaptic conductances, which are on the order of 0.2-1 
nS (Bekkers et al., 1990), although may be underestimated due to the use of 
somatic voltage clamp measurements (Williams & Mitchell, 2008). These initial 
studies suggested only a modest filtering effect of the spine neck and that 
spines work primarily as biochemical rather than electrical compartments 
(Wickens, 1988; Koch & Zador, 1993; Svoboda et al., 1996). Spines also add a 
significant amount of membrane to the dendritic tree (Wilson, 1986), which 
lowers dendritic input impedance and ultimately slows temporal dynamics of 
electrical events (Jaslove, 1992). 
As discussed previously, dendrites are not passive structures (Stuart & 
Sakmann 1994; Stuart et al., 1999) and thus results from passive models 
provide only a first approximation. A high spine head input resistance, for 
example, would be expected to be more effective at recruiting voltage-
dependent conductances such as VGSCs and NMDARs during EPSPs as the 
EPSPs will be larger. Such ideas led to the notion that EPSPs in spines could 
generate regenerative events ("spikes") that could spread to neighbouring 
spines (Coss & Perkel 1985; Perkel 1982; Perkel & Perkel, 1985; Shepherd et 
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al; 1985). In addition, it is thought that VGSCs must be present in spines and 
contribute electrogenically to support the observed extent of action potential 
backpropagation in L5 pyramidal neurons (Tsay & Yuste, 2002). 
The development of optical techniques has facilitated experimental 
measurements from spines both in vitro, in cultures and acute slices, as well as 
in vivo. Photolysis of caged calcium and neurotransmitters such as glutamate 
and GABA, in addition to fluorescent voltage and calcium imaging have given 
considerable experimental access to the study of the physiology of spines, as 
will be discussed below. 
Two-photon glutamate uncaging has provided some evidence to support spine 
compartmentalisation , showing that EPSP amplitude as measured at the soma 
is inversely proportional to spine neck length (Araya et al., 2006). In addition, 
other studies have shown that voltage dependent conductances can be 
differentially activated in the spine head compared to the dendritic shaft. This is 
true of VDCCs (Bloodgood & Sabatini, 2009), and is also thought to be the case 
for TTX-sensitive VGSCs (Araya et al. , 2007). Spine neck geometry is also 
suspected to change with neuronal activity (Bloodgood & Sabatini , 2005; 
Tonnesen et al. , 2014), suggesting that electrical compartmentalization of 
spines is dynamic. A recent study, using fluorescent calcium imaging as a proxy 
for spine and dendritic voltage, estimated. a ~45 fold amplification of the voltage 
in spines compared to dendrites during synaptic input (Harnett et al. , 2012). In 
addition, in a subset of spines, inhibitory GABAA inputs can perturb calcium 
transients evoked by EPSPs and bAPs in spines, with minimal effects on 
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neighbouring spines or the dendritic shaft (Chiu et al., 2013). To date, the 
current experimental evidence suggests spine neck resistances range from ~50 
to 500 MO (Svoboda et al 1996; Palmer & Stuart, 2009; Harnett et al 2012; 
Tonnesen et al., 2014). Depending on spine location within the dendritic tree, 
and therefore dendritic input impedance, this range of spine neck resistances is 
high enough to isolate spine voltages from the parent dendrite (Gulledge et al., 
2012). 
Although the utilization of somatic whole-cell patch clamp electrophysiology and 
fluorescent calcium imaging has revealed much about the electrical properties 
of spines, such techniques do not allow direct observation of spine voltage. The 
continued development of fluorescent voltage imaging has provided and will 
continue to provide more direct information regarding spine electrophysiology. A 
few studies using this technique have confirmed that bAPs invade spines with 
no voltage loss (Palmer & Stuart, 2009; Holthoff et al. , 201 O; Acker et al. , 2011) 
and that voltage attenuation occurs for EPSPs propagating from the spine to 
the dendrite at least in a subset of spines (Palmer & Stuart, 2009). 
Unfortunately this technique has been limited by poor signal-to-noise properties 
necessitating sacrifices in temporal resolution and excessive averaging to 
obtain fluorescence signals (Antic et al., 2003; Palmer & Stuart, 2009; Holthoff 
et al., 201 O); this can lead to errors in kinetic measurements due to under 
sampling and restricts investigation to voltage changes greater than 10-20 mV. 
The recent development of higher sensitivity voltage-sensitive dyes tuned to 
multi-photon excitation (Acker et al. , 2011 ), in addition to a new DiO/DPA FRET 
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based method (Bradley et al., 2009), now allow high temporal resolution 
fluorescence transients to be obtained from dendritic spines with single trial 
resolution. These new techniques will help resolve whether spines act as 
electrical compartments when activated synaptically by providing direct 
measurements of the membrane potential in spines during EPSPs. 
Calcium dynamics in dendritic spines 
The amplitude and time course of calcium signals in spines are dependent on 
many factors including the activation and inactivation kinetics of calcium 
sources, calcium extrusion mechanisms, endogenous calcium binding proteins 
and spine morphology. Many studies have shown that almost all of these 
factors vary from spine-to-spine. Much of the recent evidence has come from 
fluorescent calcium imaging combined in many instances with glutamate 
uncaging as this allows direct stimulation of individual spines and simultaneous 
monitoring of changes in intracellular calcium concentration. 
Calcium-sensitive dyes, unlike voltage sensitive dyes, have very good signal-
to-noise properties and are commercially available in a range of sensitivities. 
Calcium signals can be used as a proxy for somatic AP firing in addition to 
dendritic shaft and spine depolarization during various electrical events such as 
bAPs and EPSPs, as well as regenerative events such as NMDA and dendritic 
calcium spikes both in vitro and in vivo (Yuste & Denk, 1995; Schiller et al., 
2000; Holthoff et al. , 2004; Kampa & Stuart, 2006; Holboro et al., 201 0; Jia et 
al., 2010; Harnett et al., 2012; Larvzin et al., 2012; Xu et al., 2012; Harnett et 
al., 2013; Smith et al., 2013). In addition, this technique has also allowed the 
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study of spine calcium sources and continues to elucidate the mechanisms 
involved in the induction and regulation of synaptic responses during plasticity. 
Even though fluorescent calcium imaging is a powerful experimental tool, 
effects of altering intracellular calcium buffering must be considered (Yasuda et 
al. 2004 ). Whilst overwhelming endogenous calcium buffers and binding 
proteins can be advantageous for investigating calcium sources activated in 
response to a particular stimulus, this can lead to errors in the calculation of 
changes in free calcium concentration (Higley & Sabatini, 2008) and when 
evaluating calcium extrusion mechanisms (Holthoff et al., 2002). 
The dynamic nature of dendritic spines is very much dependent on the influx of 
calcium caused by synaptic input alone or in combination with bAPs and/or 
other types of dendritic electrical events (Alvarez & Sabatini, 2007). Whilst there 
is still some debate as to whether the spine neck resistance can isolate the 
spine electrically, it is well established that it can isolate the spine biochemically, 
restricting rises in calcium during synaptic stimulation to the activated spine 
head (Koch & Zador, 1993; Yuste & Denk, 1995; Bloodgood et al., 2009). This 
compartmentalization aids in the specificity of calcium dependent processes 
required for plasticity induction (such as CaMKII activation), which is limited to 
stimulated spines (Lee et al., 2009). 
Spine calcium sources 
NMDARs 
Calcium influx through NMDARs contributes a large component of the calcium 
influx into spines during synaptic input in many types of spiny neurons including 
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cortical (Koester & Sakmann, 1998; Yuste et al., 1999; Nevian & Sakmann, 
2006; Schiller et al., 1998) and hippocampal (Kovalchuk et al., 2000; Bloodgood 
& Sabatini, 2007; Sabatini et al., 2002) pyramidal neurons, spiny stellate 
neurons (Nevian & Sakmann, 2004 ), olfactory granule cells (Egger et al., 2005) 
and striatal medium spiny neurons (MSNs) (Carter & Sabatini, 2004). 
In CA 1 pyramidal neurons, NMDARs located in spines consist of heterodimers 
of the NR1 and NR2A or NR2B subunits. The presence of NR2A or NR2B 
containing NMDARs varies from spine to spine but there expression is 
segregated as many spines express either NR2A or NR2B but not both 
(Janssen et al., 2005). In addition, functional evidence indicates that the 
contribution of NR2A and NR2B NMDARs to spine head calcium influx varies 
considerably between spines (Sobczyk et al., 2005). This indicates that the 
composition of NMDARs is not only regulated during development, but also on 
a synapse-by-synapse basis. Given NR2B containing NMDARs deactivate more 
slowly (Mayner et al., 1994 ), they will contribute much more to synaptically 
evoked calcium transients (Sobczyk et al., 2005). In addition, they are coupled 
to different signaling cascades to NR2A containing NMDARs (Barria & Malinow, 
2005; Sobczyk & Svoboda, 2007), indicating that plasticity induction may differ 
across populations of spines depending on which NMDAR subtype is present 
(Massey et al., 2004; Liu et al., 2004; Bartlett et al., 2007). 
NMDARs can be readily modulated by phosphorylation and calcium mediated 
inactivation. Several studies have indicated that protein kinase A (PKA) activity 
can influence the permeability of calcium through NMDARs (Sobczyk et al., 
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2005; Skeberdis et al 2006; Sobczyk & Svoboda, 2007). Repetitive activation of 
NR2B containing NMDARs can lead to the activation of a serine/threonine 
phosphatase that can dramatically decrease calcium influx through NR2B 
containing NMDARs (Sobczyk & Svoboda, 2007). The influx of calcium can also 
directly lead to inactivation of NMDARs (Legendre et al., 1993; Rosenmund & 
Westbrook 1993; Rosenmund et al., 1995). These are all examples of negative 
feedback mechanisms where calcium influx, principally via NMDARs, can either 
directly or indirectly regulate NMDAR activation during periods of intense 
synaptic activity. 
The strongest modulator of NMDAR activation however is the membrane 
potential itself due to the voltage-dependent block mediated by extracellular 
magnesium (Mayner et al., 1992; Mayer et al. , 1984; Nowak et al., 1984), the 
extent of which is also dependent on subunit composition (Mayner et al., 1994 ). 
At resting membrane potentials magnesium block is incomplete and even 
though NMDAR currents evoked at resting potentials often do not lead to 
significant EPSPs, the small volume of the spine head and the large driving 
force for calcium results in significant calcium influx (Bloodgood & Sabatini, 
2007). A few studies have provided evidence for AMPAR mediated 
depolarization being sufficient to partially relieve magnesium block, particularly 
in CA1 pyramidal neurons (Ngo-Ahn et al., 2005; Grunditz et al., 2008; Holboro 
et al., 2010), although recent modeling studies indicate that the extent to wh ich 
this is expected to occur in spines is unclear (Gulledge et al., 2012). 
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NMDAR activation is also boosted by bAPs, which invade dendrites and spines, 
as discussed above. This wave of depolarization is sufficient to transiently 
relieve magnesium block and enhance synaptic calcium influx. The interaction 
of bAPs with NMDAR activation has been shown in many cell types including 
cortical and CA 1 pyramidal neurons (Koester & Sakmann, 1998; Yuste et al., 
1999 Kovalchuk et al, 2000; Sabatini et al. , 2002; Nevian & Sakmann, 2006; 
Schiller et al., 1998; Nevian & Sakmann, 2004; Egger et al., 2005; Carter & 
Sabatini, 2004; Kampa et al., 2006; Kampa & Stuart, 2006; Bloodgood & 
Sabatini, 2007; Holboro et al., 2010) and is presumably important for the 
induction of spike-timing dependent plasticity (STOP), which is discussed later. 
AMPARs 
AMPA receptors can impact on calcium influx in two ways, either indirectly by 
enhancing NMDAR or VDCC activation via depolarization, or directly via 
calcium permeable AMPARs. Calcium permeable AMPARs lack GluR2 subunits 
and are commonly expressed in many GABAergic interneuron subtypes in 
addition to neurons in the cerebellum (for review see Cull-Candy et al., 2006) 
and striatal MSNs (Carter & Sabatini, 2004 ). GluR2 lacking AMPARs were 
thought not to be present at synapses on excitatory neurons, however, there 
have been several demonstrations of their involvement in homeostatic and 
Hebbian synaptic plasticity in hippocampal pyramidal neurons (Thiagarajan et 
al., 2005; Plant et al., 2006; Gainey et a_!., 2009). Another study, also in CA 1 
pyramidal neurons, showed that GluR2 lacking AMPARs are located 
perisynaptically in the spine head and invade the synapse upon the induction of 
L TP (Yang et al., 2010). For cortical pyramidal neurons, calcium permeable 
AMPARs are expressed very early in development but expression decreases 
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substantially in the first postnatal weeks leading to a switch to calcium 
impermeable AMPARs (Kumar et al., 2002). Overall, research into calcium 
permeable AMPARs is in its infancy and many facets of their function remain 
unclear. One general theme has however emerged, that in excitatory neurons 
they seem to be present in synapses only transiently after the induction of 
plasticity but are unlikely to be involved in the persistence of plasticity. 
VDCCs 
Backpropagating AP-evoked calcium influx into spines is mediated by VDCCs. 
There is a considerable amount of spine-to-spine variability with regard to the 
number of VDCCs present in individual spines, with number ranging from 1 to 
20 (Sabatini & Svoboda, 2000). The calcium channel subtypes mediating 
calcium influx also differ across different neuronal types, with T-type VDCCs in 
olfactory granule cell spines (Egger et al. , 2005), T-type and -P/Q-type VDCCs in 
Purkinje cell spines (lsope & Murphy, 2005; Kulik et al., 2004 ), L-type, R-type 
and T-type VDCCs in spines in striatal MSNs (Carter & Sabatini, 2004), L-type 
P/Q-type and low-voltage- activated VDCCs in spines on layer 2/3 cortical 
neurons (Koester & Sakmann, 2000), L-type and R-type VDCCs in rat 
hippocampal CA1 pyramidal neuron spines (Sabatini & Svoboda, 2000; Yasuda 
et al. , 2003; Hoogland & Saggau , 2004) and L-type, N-type, R-type and T-type 
VDCCs in the spines of these neurons in mice (Bloodgood & Sabatini, 2007) 
Intracellular calcium stores 
Calcium release from intracellular stores also occurs in spines. A few studies 
have shown that calcium-induced calcium release occurs as a result of 
synaptically evoked calcium influx (Emptage et al., 1999; Kovalchuk et al., 
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2000) and during EPSP-AP pairing (Wang et al., 2000, Larkum et al., 2003). 
The activation of metabotropic glutamate receptors has also been shown to 
cause IP3-dependent release (Finch & Augustine, 1998; Nakamura et al., 1999), 
which has been shown to be important for the induction of LTD (Aiba et al., 
1994; Huber et al., 2001; Bender et al., 2006; Nevian & Sakmann, 2006). In 
addition, aside from calcium release, intracellular calcium stores play an 
important role in calcium clearance after events such as bAPs and EPSPs. As a 
result, inhibition of SERCA pumps responsible for store filling result in a 
prolonged decay of calcium signals in spines and the dendritic shaft (Markram 
et al., 1995; Sabatini et al., 2002). 
SPIKE-TIMING DEPENDENT PLASTICITY 
Changes in synaptic strength are thought to underlie learning and memory. The 
first experimental evidence for long-term changes in synaptic strength was 
shown in the hippocampus of rabbits, where tetanic stimulation of the perforant 
path input to the dentate gyrus led to long-term potentiation (L TP) of these 
co~nections (Bliss & Lomo, 1973). Long-term depression (LTD) of synaptic 
inputs was demonstrated soon after (Lynch et al., 1977). The requirements for 
the induction of L TP and LTD are reminiscent of a memory model described by 
Donald Hebb some 30 years earlier. His central idea was that connected 
neurons that are active at the same time will strengthen their connections. This 
led to one of the central dogmas of brain plasticity; the notion that "neurons that 
fire together, wire together" (Hebb 1949). The NMDAR was soon found to be a 
prime candidate for the detection of presynaptic activity, as it is only active 
when presynaptic activity leading to glutamate release occurs at the same time 
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as postsynaptic activity, which acts to relieve the voltage-dependent block of 
NMDARs by magnesium ions (Mayer et al., 1984; Nowak et al., 1984 ). Many 
forms of L TP and LTD have been found to be NM DAR dependent, although 
there are exceptions, with strong NMDAR activation associated with a large 
influx of calcium leading to L TP, whereas moderate NMDAR activation and less 
calcium influx usually leads to LTD (Bliss & Collingridge, 1993). 
A specific form of synaptic plasticity, called spike-timing dependent plasticity 
(STOP) involves the pairing of presynaptic and postsynaptic APs. The sign and 
magnitude of the changes in synaptic strength are correlated with AP timing in 
connected neurons (Bi & Poo, 1998; Abbott & Nelson, 2000). Whilst NMDAR 
activation is crucial to the induction of STOP in many instances, mainly for L TP, 
spike timing-dependent LTD in some cases involves the activation of 
metabotropic glutamate receptors (Birtoli & Ulrich, 2004) and VDCCs (Nevian & 
Sakmann, 2006), as well as endocannabinoid release from the postsynaptic cell 
(Safo & Regher, 2005; Sjostrom et al., 2003). 
Typically., inputs that are activated before the postsynaptic AP (positive timing) 
are potentiated . In contrast, inputs activated soon after the postsynaptic AP 
(negative timing) are depressed. This could be interpreted as synapses that 
have led to the generation of the postsynaptic AP are potentiated, whereas 
those that couldn't have contributed to AP generation are depressed. The 
retrograde signal to the synapse indicating that a postsynaptic AP has occurred 
is the backpropagating voltage transient associated with the AP itself (Magee & 
Johnston, 1997; · Stuart, 2001 ). These large dendritic depolarisations are 
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sufficient to relieve the magnesium block of NMDARs (Vargas-Caballero et al, 
2003; Kampa et al. , 2004), essential for the induction of STOP (Bi & Poo, 1998; 
Koester & Sakmann, 1998). 
The relative timing of the postsynaptic AP to glutamate binding to the NMDARs 
is a crucial determinant of NMDAR activation and hence calcium influx (Kampa 
et al, 2004; Kampa et al., 2006; Koester & Sakmann, 1998; Nevian & Sakmann, 
2004 ). The magnitude of this postsynaptic calcium influx controls which 
signaling cascade(s) will be activated and consequently determines the 
magnitude and sign of plasticity (Dan & Poo, 2004 ). The threshold calcium 
influx during pairing events for the induction of plasticity varies across different 
cell types. STOP induced in hippocampal cultures and L2/3 neurons in acute 
slices can be evoked by pairing events consisting of single post and pre 
synaptic APs (Bi & Poo, 1998; Froemke et al., 2005). In contrast, for L5 
pyramidal neurons, bursts of postsynaptic APs are required to generated L TP 
(Markram et al. , 1997; Sjostrom & Hausser, 2006; Kampa et al. , 2006; Letzkus 
et al., 2006). The reason for these differences are unclear but it seems that in 
order to induce L TP in L5 neurons prolonged NMDAR activation is required. 
In contrast to L TP, LTD is more readily induced in multiple neuronal types by 
repeated pairing events at negative timings consisting of single APs (Nevian & 
Sakmann, 2006; Bi & Poo, 1998; Froemke et al. , 2005; Bender et al. , 2006). 
However, the mechanism(s) underlying LTD induction are more complex. Whilst 
there is considerable evidence for the induction of LTD being NMDAR 
dependent, there is also a substantial number of studies showing NMDAR 
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independent mechanisms principally involving mGluR and VDCC activation 
leading to IP3-dependent calcium release from intracellular stores, 
endocannabinoid synthesis and release, and activation of presynaptic 
endocannabinoid (CB1) receptors (Gerdeman et al., 2002; Rabbe et al., 2002; 
Sjostrom et al., 2004; Nevian & Sakmann, 2006). LTD induction in L5 pyramidal 
neurons does appear to be NMDAR independent but requires sufficient calcium 
influx for endocannabinoid release (Sjostrom et al., 2004) and induction 
protocols consisting of single APs are insufficient to evoke LTD in these 
neurons (Sjostrom et al., 2001 ): 
Another variable impacting on the induction of STOP is the location of the active 
synapses as the attenuation of bAPs from proximal to distal dendritic locations 
(Stuart et al., 1997) impacting on the induction of STOP at distal synapses. 
Three studies have shown that in cortical pyramidal neurons distal inputs are . 
more prone to undergo LTD (Froemke et al., 2005; Sjostrom & Hausser 2006; 
Letzkus et al., 2006), which can be converted to L TP during dendritic 
depolarization associated with dendritic calcium spikes or strong synaptic 
stimulation (Sjostrom & Hausser 2006; Letzkus et al., 2006). This switch from 
LTD to L TP is due to enhanced NMDAR activation and consequential calcium 
influx at distal locations during these large electrical events (Sjostrom & 
Hausser, 2006; Letzkus et al., 2006). 
Overall , there are a myriad of mechanisms that can lead to STOP. Amidst this 
mechanistic diversity it is clear that calcium influx plays a vital role. The 
regulation of calcium influx during EPSPs and bAPs through the various 
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calcium sources present in spines at the synapse is therefore of interest as it 
may play a role in the control of STOP. 
CALCIUM-ACTIVATED POTASSIUM CHANNELS 
One way calcium can impact on the excitability of neurons is via the activation 
of calcium-activated potassium (Kea) channels. The two main types of Kea 
channel, BK and SK channels are named after their single channel 
conductance. BK channels (where 'B' stands for big) have a large single 
channel conductance on the order of 100-200 pS (Coetzee et al., 1999; Sah & 
Davies, 2000), whereas SK channels (where 'S' stands for small) have a much 
smaller single channel conductance of 8-20 pS (Hirschberg et al., 1999). A third 
type of Kea channel of intermediate conductance (IK channels) have also 
recently been found to regulate AP firing in cerebellar Purkinje neurons 
(Engbers et al., 2012). 
BK channels 
BK channels are expressed in multiple types of neurons in the brain, including 
cerebellar Purkinje neurons (Womack & Khodakhah, 2002), CA1 pyramidal 
neurons (Marrion & Travalin, 1998) and cortical L5 pyramidal neurons (Kang et 
al., 1996; Sun et al., 2003; Yu et al., 2010). The function of BK channels in 
these neurons is to generate the fast AHP (fAHP) that controls the width of 
somatic APs (Lancaster & Nicoll, 1987; Storm, 1987; Shao et al., 1999; Faber & 
Sah, 2003). In addition to their somatic actions, however, BK channels in L5 
and CA 1 pyramidal neurons are also expressed along the apical dendrite 
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(Benhassine & Berger, 2005) and play a role in dendritic excitability (Golding et 
al., 1999; Benhassine & Berger, 2009). 
BK channels are gated both by the binding of calcium and the membrane 
voltage (Marty, 1981; Lattore et al., 1989). Due to the relatively low binding 
affinity for calcium (1-10 µM), BK channels typically form complexes with 
VDCCs and display coupling distances on the nanometer scale called 
nanodomains. The precise VDCC subtype driving BK channel activation varies 
between cell types, with L-type (Lancaster & Nicoll , 1987; Storm 1987a, 1987b) 
and N-type (Marrion & Travalin , 1998) important in hippocampal pyramidal 
neurons, P/Q-type in cerebellar Purkinje neurons (Edgerton & Reinhart, 2003; 
Womack et al. , 2004 ), L and N-type in frog hair cells (Roberts et al. , 1990; 
Roberts , 1993; Roberts , 1994 ), N-type in frog peripheral axon terminals 
(Robitaille et al. , 1993; Yazejian et al 1997; Yarejian et al. , 2000 ; Sun et al., 
2004) and P/Q and L-type in chromaffin cells (Solaro et al. , 1995; Prakriya et 
al. , 1996; Prakriya & Lingle , 1999). There have also been a few demonstrations 
of coupling over distances greater than 100 nm , called microdomains in 
chromaffin cells (Prakriya et al., 1996; Prakriya & Lingle , 2000) and CA3 
pyramidal neurons (Hu et al. , 2001 ). 
SK channels 
There are three subtypes of SK channel , named SK1 , SK2 and SK3. Of these , 
only SK1 and SK2 are read ily expressed in the cortex, and only SK2 is readily 
found 1in the hippocampus (Sai ler et al. , 2002). SK3 is expressed mainly in 
subcortica l areas such as the hypothalamus, thalamus , and the midbrain 
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(Kohler et al. 1996; Stocker & Pedarzani, 2000; Ballesteros-Merino et al., 2014). 
In L5 pyramidal neurons the expression of SK channel subtype is location 
dependent with SK1 expressed prominently in distal apical dendrites and SK2 
mostly expressed at the soma and basal dendritic regions (Sailer et al. , 2002). 
SK channels lack voltage dependence and do not have a calcium-binding 
domain , and hence are not directly gated by calcium ions. Calmodulin acts as a 
highly affinity calcium sensor that transduces the binding of calcium , through a 
sequence of conformational changes, to the activation of coupled SK channels 
(Xia et al., 1998; Keen et al., 1999). Relatively low calcium concentrations are 
required to active SK channels, on the order of 0.3-2 µM (Xia et al., 1998; 
Pendarzani et al., 2001 ), and thus calcium influx associated with electrical 
events such as APs and EPSPs is sufficient to lead to strong activation . 
Functionally, somatic SK channels mediate the medium afterhyperpolarisation 
(mAHP) in many types of neurons including , cerebellar Purkinje neurons 
(Womack & Khodakhah, 2003), vagal motorneurons (Sah & Maclachlan , 
1991 ), neurons in the basolateral amygdala (Faber & Sah , 2002) and L5 
pyramidal neurons (Schwindt et al., 1988). The function of somatic SK channels 
in CA 1 pyramidal neurons however is controversial (Stocker et al. , 1999; Gu et 
al. , 2005; Gu et al. , 2008). The mAHP is active within the time window of ~2-
100 ms after a single or burst of APs and dampens regular and burst firing of 
somatic APs. SK channels that mediate the mAHP are generally tightly coupled 
to their calcium source, which is variable across cell types, with L-type VDCCs 
activating SK channels in CA1 pyramidal neurons and T-type VDCCs involved 
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in SK channel activation in midbrain dopaminergic neurons (Wolfart & Roeper, 
2002). 
Dendritic SK channels have been shown to dampen EPSPs in CA 1 pyramidal 
neurons (Ngo-Ahn et al., 2005), L5 pyramidal neurons in prefrontal cortex 
(Faber, 2010) and neurons in the basolateral amygdala (Faber et al., 2005). In 
addition, dendritic SK channels have been shown to play a role in constraining 
NMDA spike-like plateau potentials in CA 1 neurons (Cai et al., 2004 ). The 
dampening effect of SK channel activation during EPSPs is achieved by 
constraining NMDAR activation in the spine head as the SK potassium 
conductance opposes the depolarization caused by activation of synaptic 
NMDA and AMPA receptors (Ngo-Ahn et al., 2005). This in turn leads to a 
dampening of spine calcium influx during EPSPs. Dendritic SK channels are 
tightly coupled to their calcium source , located in nanodomains on the order of 
25-50 nm in size (Ngo-Ahn et al., 2005; Faber et al., 2005; Faber, 2010). The 
identity of the calcium source for SK channels in dendrites is controversial 
however. Some studies suggest R-type VDCCs are the sole calcium source 
controlling SK activation (Bloodgood & Sabatini, 2007; Higely & Sabatini, 201 0; 
Giessel et al. , 2011 ), while others identify NMDARs as the primary calcium 
source (Faber et al., 2005; Ngo-Ahn et al. , 2005; Lin et al., 2008; Wang et al., 
2014). 
SK channels can be modulated by the phosphorylation state of calmodulin. 
Protein kinase CK2 and protein phosphatase 2A (PP2A) are co-localised in a 
protein complex with SK channels and the coupled calmodulin (Bildl et al., 
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2004; Allen et al., 2007). CK2 activity leads to a reduction in the apparent 
sensitivity of SK channels to calcium, while the activity of PP2A together with a 
reduction in CK2 activity, leads to an increase in SK channel sensitivity to 
calcium (Bildl et al., 2004; Allen et al., 2007). PKA has also been implicated in 
the modulation of SK channel function by phosphorylation (Buchanan et al., 
2010). The activity of CK2 and PKA can be regulated by the activation of M1 
muscarinic receptors resulting in SK channel modulation by acetylcholine 
(Buchanan et al., 201 O; Giessel & Sabatini, 2010). In addition, a loss of SK 
channels from the membrane has been shown to occur during hippocampal 
L TP (Lin et al., 2008) and following ~2 adrenergic receptor activation (Faber & 
Sah, 2008). 
Presumably due to their impact on calcium influx during synaptic input, SK 
channels play a role in limiting synaptic plasticity induced by tetanic stimulation 
(Behnisch & Reymann, 1998; Stackman et al., 2002; Faber et al., 2005). In 
addition, a few studies have shown that changes in synaptic strength during 
plasticity are also associated with changes in SK channel function via 
internalisation from the spine membrane (Lin et al., 2008; Lin et al., 2009). The 
involvement of SK channels in plasticity induced by other types of stimuli, for 
example during STOP, is at present unknown. 
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THESIS OUTLINE 
This study investigates the function of dendritic and somatic SK channels in LS 
pyramidal neurons. The activation of dendritic SK channels during bAPs is 
studied in Chapter 3. Chapter 4 examines the calcium sources required for the 
activation of somatic SK channels mediating the mAHP in addition to the 
proximity of somatic SK channels to their calcium source(s). Chapter 5 
investigates some of the physiological consequences of dendritic SK channel 
activation by bAPs during AP-EPSP pairing and STOP. Finally, Chapter 6 
discusses the results for these different chapters in the context of micro- and 
nano- domain calcium signaling and STOP, in addition to commenting on the 
limitations of the study and the way ahead. 
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CHAPTER 2: GENERAL METHODS 
ACUTE CORTICAL BRAIN SLICE PREPARATION 
Parasaggital brain slices of the cerebral cortex were taken from Wistar rats of 
either sex aged between 3 and 5 weeks. All procedures with regard to the 
handling of animals were in accordance with guidelines approved by the Animal 
Experimentation Ethics Committee of the Australian National University. More 
conventional procedures were adopted for initial experiments in the study 
(outlined below), but some experimentation was subsequently undertaken to 
enhance slice quality. 
Dissection 
Rats were anaesthetized by inhalation of isofluorane and then decapitated at 
the level of the cervical medulla with scissors. A sagittal cut along the midline 
was made with a scalpel, and the skin over the skull retracted. With dissecting 
scissors the skull was cut along the midline from caudal to frontal beginning at 
the foramen magnum and ending at the level of the olfactory bulb. A single 
mediolateral cut was then made on either side of the midline at the level of the 
olfactory blubs and just frontal to the cerebellum. Using forceps the section of 
skull over the cortex and cerebellum of both hemispheres was removed by 
pulling back the skull on each side in the lateral direction, making sure any 
meningeal connections are cut prior to full retraction as these can damage the 
brain. At this point the head was quickly immersed in ice-cold cutting ACSF. 
The cerebellum was then removed with a single coronal cut and the 
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hemispheres divided using a sagittal cut through the corpus callosum. Both 
hemispheres were then removed from the base of the skull in the rostro-caudal 
direction and placed into ice-cold cutting ACSF. Saline was removed from the 
medial surface of each hemisphere by transferring them onto a piece of filter 
paper. Both hemispheres were then glued medial side down onto a angled 
slicing stage (15-degrees) with the pial surface of the cortex orientated towards 
the lower side of the incline and the cutting blade. 
Slicing procedure 
Approximately half the hemisphere was cut off in the first advance of the blade. 
Subsequently, thin sl ices of 250-300 µm thick were taken until the hippocampus 
was no longer visible. Each slice was transferred immediately after being cut to 
a holding chamber filled with ACSF at 35 degrees. Slice~_ are arranged in the 
holding chamber in the order in which they were cut to aid identification. The 
best slices, with apical dendrites parallel to the surface of the slice were 
typically the third and forth last to be cut using this method. Slices were then 
incubated for 30-45 minutes at 35 degrees before being maintained at room 
temperature before use. 
Standard ACSF (in mM): 125 NaCl , 25 NaHCO3 , 2.5 KCI , 1.25 NaHPO4, 25 
glucose, 2 CaCl2, 1 MgCl2. pH 7.4 oxgenated with carbogen (95% oxygen , 5% 
carbon dioxide). 
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ACUTE HIPPOCAMPAL BRAIN SLICE PREPARATION 
Transverse hippocampal slices were obtained from 3-5 week old Wister rats of 
either sex. All procedures with regard to the handling of animals were in 
accordance with guidelines approved by the Animal Experimentation Ethics 
Committee of the Australian National University. 
Dissection 
The brain was removed from the skull using the same approach as that 
described above for the preparation of cortical slices. 
Slicing procedure 
Either hemisphere was placed onto a piece of 3% agar, m~dial side down. The 
dorsal part of the brain was then cut at an angle of 0 degrees to the horizontal 
(vertical blade), removing 10-20 % of the brain volume. The brain and agar 
block was then transferred onto a piece of filter paper ventral side up to remove 
any saline and the brain glued onto a flat slicing stage ventral side up with the 
cortex facing the cutting blade. 300 µm slices were then cut from the lateral to 
the medial side of the brain. Slices in the middle third of the cashew-like 
structure of the hippocampus were used. Typically five slices can be obtained 
from each hemisphere. 
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MODIFICATIONS TO IMPROVE SLICE QUALITY 
There was some experimentation with the ACSF used for cutting slices as 
different groups have report superior slice quality using a variety of strategies. 
The first strategy adopted was to increase the concentration of MgCl2 to 6 mM 
in order to increase the block of NMDA receptors during the slicing procedure. 
This strategy significantly increased slice quality. Further improvements were 
observed when the CaCb concentration was decreased to 0.5 mM. In addition, 
the inclusion of ascorbic acid (5 mM) and sodium pyruvate (3 mM), chosen for 
their anti-oxidative stress and anti-hypoxic properties, also led to further 
enhancement of slice health . 
Modified Cutting ACSF (in mM): 125 NaCl, 25 NaHC03, 2.5 KCI, 1.25 NaHP04, 
--25 glucose, 6 MgCl2, 0.5 CaCb, 3 sodium pyruvate, 5 ascorbic acid , pH 7.4 
oxgenated with carbogen (95% oxygen, 5% carbon dioxide). 
Other modifications to the cutting solution focused on sodium replacement with 
either N-methyl-D-glucamine (Zhao et al., 2011) and/or sucrose (Debanne et 
al., 2008). The rationale is that the replacement of sodium removes the 
electrical driving force for sodium influx into neurons decreasing excitotoxicity. 
Both these strategies led to good slice quality but the improvement was not 
sufficient to warrant extensive use. In addition, the use of NMDG in the cutting 
solution was associated with a significant change in LS pyramidal neuron firing 
patterns and the incidence of burst firing. As a consequence the use of these 
solutions were abandoned. 
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NMDG cutting solution (in mM): 93 NMDG, 93 HCI, 2.5 KCI, 1.25 NaHPO4, 30 
NaHCO3, 25 glucose, 20 HEPES, 5 ascorbic acid, 3 sodium pyruvate, 6 MgCl2, 
0.5 CaCl2. pH 7.4 
Sucrose cutting solution (in mM): 260 sucrose, 25 NaHCO3, 2.5 KCI, 1.25 
NaHPO4, 25 glucose, 6 MgCl2, 5 ascorbic acid, 3 sodium pyruvate 0.5 CaCl2. 
pH 7.4 
Modifications to the incubation solution and time also lead to enhanced slice 
quality and longevity. In contrast to the conventional method outlined above, 
better results were obtained if freshly cut slices were initially incubated in the 
cutting solution maintained at 35 degrees for 10 minutes and then transferred to 
another holding chamber filled with standard ACSF at room temperature for 1 
hour prior to use. 
WHOLE-CELL PATCH CLAMP ELECTROPHYSIOLOGY 
Slices were transferred to the recording chamber and perfused with standard 
ACSF continuously bubbled with carbogen. The solution in the recording 
chamber was maintained at 35-36 degrees using a custom-built inline heater. 
Perfusion was achieved using a peristaltic pump, which allowed for tight control 
of the perfusion rate (3-4 ml/minute). Th~ microscope was mounted on an anti-
vibration table (Physical Instruments, Germany) together with the recording 
chamber and the electrode micromanipulators (Luigs and Neumann, Germany). 
Neurons were visualized using infrared differential interference contrast optics 
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(DIC) on an Olympus BX51 upright microscope mounted with a CCD camera 
(Optronics). 
Recordings were made from L5 pyramidal neurons located in the hindlimb area 
of somatosensory cortex. These neurons are easily identified by their large 
diameter soma (25-30 µm) and apical dendrite, as well as the location of their 
cell body from the pia. Somatic whole-cell recordings were made using 
BVC700A current-clamp amplifiers (Dagan Corporation , USA). Patch pipettes 
were made from thick walled filamented borosilicate glass using a multistep 
horizontal puller (Sutter Instrument Company, USA). The typical tip resistance 
was between 4 and 6 MO. Electrodes were filled with an intracellular solution 
containing 130 K-gluconate, 10 KCI , 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 10 
Na2-phosphocreatine, pH 7.2 adjusted with KOH. This solution was connected 
via a chlorided silver wire within the electrode holder to the preamplifier 
headstage, which was mounted on motorized micromanipulators (Luigs and 
Neumann , Germany). Positive pressure was applied to the electrode in order to 
prevent contamination of the tip , which was located under the objective and 
positioned above the neuron of choice. The pipette was then navigated slowly 
through the slice under visual control ensuring to avoid contact with cells or 
debris other than the neuron of interest. The pipette offset was then set to zero 
in voltage clamp mode and the tip was then pushed into the cell membrane 
slightly until a small deformation was observed. At this point the positive 
pressure was quickly released and slight negative pressure applied whilst 
setting the amplifier to -65 mV. A gigaseal was judged to have been obtained if 
the current required to hold the patch of membrane beneath the pipette at the 
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selected voltage was less than 20 pA. Brief pulses of negative pressure were 
then applied through a mouthpiece to rupture the membrane beneath the 
pipette tip and achieve the whole-cell configuration. The amplifier was then 
switch and maintained in current clamp for all recordings. Short (50 ms) 
hyperpolarizing current pulses were injected into the neuron in order to facilitate 
correct adjustment of the bridge balance and capacitance compensation. This is 
important as it corrects for the voltage drop across the series resistance of the 
electrode during current injection and compensate for the filtering caused by the 
electrode capacitance. Series resistances were between 6 and 15 MO for all 
recordings and continuously monitored over the course of experiments. 
Voltage traces were filtered at 10 kHz and digitised at 50 kHz using an 
analogue-digital convertor (ITC-18, lnstrutech) connected to an Apple iMac 
computer. All electrophysiological data was acquired using Axograph X 
(Axograph Scientific, Australia). In most experiments the input resistance, a 
robust indicator of neuron health , was monitored throughout the recording 
period using long hyperpolarizing current steps (-20 or -50 pA, 1 second). APs 
were evoked using short (2-4 nA, 2ms), medium (250-450 pA, 200 ms) or long 
current pulses (200-300 pA, 500 ms). 
In some experiments, EPSPs in the postsynaptic cell were evoked via 
extracellular electrical stimulation. In these experiments fluorescence 
microscopy was used to place the stimulating electrode in close proximity to the 
dendrite of interest. In other experiments whole-cell recordings were established 
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from synaptically connected LS pyramidal neurons, facilitating tight control over 
EPSP and AP timing in the postsynaptic neuron over long time periods. 
FLUORESCENT CALCIUM IMAGING 
Changes in intracellular calcium were monitored with a laser-scanning confocal 
microscope (FV300, Olympus, Japan). This technique requires the introduction 
of a fluorescent calcium indicator into the neuron of interest, which was 
achieved in our experiments via diffusion from the recording pipette. The choice 
of indicator and the concentration at which it is used are important 
considerations to make and depend on the cellular properties/mechanisms 
under investigation as well as the sensitivity of the microscope being used in 
the experimental setup. 
Choice of indicator 
Several studies have provided experimentally determined estimates on the 
change in calcium concentration in the spine head associated with bAPs and 
synaptic stimulation (Sabatini et al., 2002; Cornelisse et al., 2007). Thus, whilst 
trial and error can be used to optimize the selection of an appropriate dye and 
the concentration at which it should be used, it can also be helpful to estimate 
the concentration of bound indicator as a result of the kinds of stimuli the 
experimenter wishes to observe. Although a comprehensive explanation on 
performing such calculations can be found in Higley & Sabatini 2008, the 
pertinent issues will be briefly discussed here. 
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The interaction of calcium with the indicator can be represented by the following 
equation : 
[Ca] + [B] ~ [BCa] 
Where [Ca], [B] and [BCa] correspond to the concentrations of free calcium, 
free indicator and bound indicator respectively. 
The dissociation constant (Ko) is defined as quotient of the rates of binding (kon) 
and unbinding (kott) and describes the affinity of the indicator for calcium. 
The Ko can also be expressed as: 
[Ca][B] 
Ko= [BCa] 
Combining the above equation with the expression for the total buffer 
concentration , [BT] = [BCa] + [B] produces: 
[Ca] 
[BCa] = [BT] [Ca]+Ko 
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The endogenous buffer capacity of spines from LS pyramidal neurons is thought 
to be ~19 and the change in free calcium concentration associated with an AP 
~1 µM (Cornelisse et al. 2007). Using these values the total change in calcium 
concentration during an AP can be calculated using the equation below 
(Helmchen et al., 1996, Higley & Sabatini, 2008): 
There b.CaAP is the change in free calcium concentration following an AP , b.CaT 
is the change in total calcium concentration and KB is the sum of the 
endogenous buffer capacities. Using [b.CaAP] of 1 µM and a KB of 19 the change 
in total calcium concentration in the spine due to a single AP is estimated to be 
on the order of 20 µM. Similar predictions have been made for CA 1 pyramidal 
neurons (Sabatini et al. 2002). 
Combining: 
· - [Ca] 
[BCa] = BT [Ca] + Ko 
With an expression for total calcium concentration [CaT], being the sum of both 
free [Ca] and bound [BCa] calcium: 
[CaT] = [Ca] + [BCa] 
Produces the following expression relating the concentration of bound indicator 
to the total calcium concentration: 
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Using this equation it is possible to estimate of the concentration of bound 
indicator for dyes with different properties and at different concentrations. This 
calculation has been performed for the high affinity indicator Oregon Green 
BAPTA-1 (Ko ~0.2 µM) and the low affinity indicator Oregon Green BAPTA-6F 
(Ko ~3 µM), which were both used in this study (Figure 2.1 ). 
Based on these calculations we can see that a significant concentration of the 
high-affinity calcium indicator OGB-1 is bound at resting calcium concentrations 
(Figure 2.1A), and thus can be used to visualize neuron morphology. Further, 
these calculations show that for the expected change in total calcium 
concentration during a single AP (20 µM) OGB-1 is in the linear range and does 
not approach saturation at any of the concentrations examined. The low affinity 
indicator OGB-6F (Figure 2.18) is also expected to be in the linear range during 
single APs, but as there is much less bound indicator at resting calcium 
concentration (~100 nM; Sabatini et al., 2002; Cornelisse et al., 2007) 
morphological visualization will be limited. For this reason OGB-1 (200 µM) was 
used in the majority of experiments. A high concentration was used in order to 
make sure sufficient dye diffused to distal spines during the time course of 
these experiments. In some experiments OGB-6F was used to control for the 
possible impact of OGB-1 on SK channel function. 
Microscope setup 
Excitation of the indicator was achieved using a 488 nm solid-state laser (Meles 
Griot). Due to the large size of L5 pyramidal neurons imaging was only 
commenced 50-60 minutes after the establishment of the whole-cell 
Figure 2.1. 
Figure 2.1. - Relationships between calcium-bound indicator and free or 
total calcium concentration. 
A-B, Relationship between bound indicator [BCa] and total calcium 
concentration [Ca]to1a1 plotted for a buffer with a Ko of 0.2 µM, simulating Oregon 
Green BAPTA-1 (A) or a Ko of 3 µM, simulating , Oregon Green BAPTA 6-F (BJ . 
Curves have been calculated for a total buffer concentration (sum of bound 
([BC a]) and free buffer) of either 75 , 100, 150 or 200 µM . The contribution of 
endogenous calcium buffers were ignored. Values of [BCa] that correspond to 
the expected [BCa] given a resting [Ca]tree of 100 nM (squares) or [Ca] due to a 
series of action potentials (circles) where b.CaT per action potential was 
estimated as 20 µM . All concentrati~ns in all plots are in µM . 
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configuration. Even longer filling times were required in some experiments. This 
is necessary in order for the indicator concentration to reach steady state, which 
is important for obtaining stable changes in fluorescence over time. 
Experiments investigating both dendritic and somatic calcium influx were 
performed. For dendritic and spine calcium imaging frame-scans were 
performed to identify the dendrite and spine of interest. Repeated line-scans 
were subsequently performed at 500-700 Hz during APs with the laser 
trajectory set to traverse the spine head and parent dendrite. For somatic 
calcium imaging either spot scans (700 Hz) or frame-scans (20 Hz) were 
performed. Changes in fluorescence were quantified as the percentage change 
in fluorescence averaged over 10 ms at the peak of the response relative to the 
mean baseline fluorescence (~F/F). 
Reducing the amount of phototoxicity caused by repeated light exposure is 
paramount if high quality fluorescence recordings are to be obtained . Unlike 
multiphoton microscopy, which only excites fluorophores in the focal plane, 
single photon confocal microscopy leads to out of focus excitation and thus 
causes• significantly more photodamage. A simple and relatively inexpensive 
way to reduce phototoxicity is to optimize the detection pathway such that the 
amount of light captured from the sample is max·imized. This was achieved in 
two ways, (1) a high power (60x) objective with a high numerical aperture was 
selected (1.1 NA) and (2) a high transmittance longpass emission filter (500 nm; 
Chroma Technology, USA) was custom fitted to the microscope. Together these 
measures significantly increased the sensitivity of the detection system and 
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substantially reduced excitation light intensities (by at least 50%) whilst still 
producing an acceptable signal to noise. 
PHARMACOLOGY 
In all experiments various antagonists were either added to the bath solution or 
applied locally via a large diameter patch pipette (5-1 Oµm). The details of 
antagonists, concentration and method of application for each experiment are 
outlined in the Methods section of Chapters 3, 4 and 5. 
DATA ANALYSIS 
Electrophysiological data was analysed using Axograph X software (Axograph 
Scientific, Sydney, Australia) and fluorescence data with Image J. Both 
programs were run on an Apple iMac computer. All data were subjected to the 
D'Agostino-Pearson omnibus normality test prior to further statistical analysis. 
Results were evaluated using T tests in either the paired or unpaired 
configuration where appropriate. All statistics were performed using Prism 6 
(Graphpad Software Inc.) 
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CHAPTER 3: THE ROLE OF SK CHANNELS IN THE REGULATION 
OF CALCIUM INFLUX DURING BACKPROPAGATING ACTION 
POTENTIALS 
INTRODUCTION 
In the central nervous system information is represented and transferred by 
fast, large amplitude voltage changes called action potentials. Although action 
potentials are initiated in the first tens of micrometres of the axon in an area 
called the axon initial segment (Stuart et al., 1997; Palmer & Stuart, 2006; Kole 
et al., 2008) and propagate orthodromically leading to neurotransmitter release, 
they also propagate antidromically into the dendritic tree (Stuart & Sakmann 
1994 ). This antidromic or backpropagation of APs has been shown to lead to 
calcium influx into both the dendritic shaft and dendritic spines (Yuste & Denk, 
1995). Such influxes of calcium are vital for modifications of synaptic strength 
as well as synapse preservation and elimination during synaptic plasticity 
(Zucker 1999; Alvarez & Sabatini , 2007). 
Most studies investigating action potential backpropagation have focused on 
the large diameter apical dendrite of cortical and hippocampal pyramidal 
neurons, primarily due to their accessibility for patch clamp recordings. Even 
though studies employing such techniques have and continue to provide a 
considerable understanding of synaptic integration in neurons, most excitatory 
synaptic inputs · onto cortical pyramidal neurons occur onto fine basal and 
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oblique dendrites (Larkman, 1991 ). Due to the small diameter of these 
structures, obtaining electrophysiological recordings presents significant 
technical challenges (although see Nevian et al, 2007). For the past two 
decades optical techniques such as calcium and voltage imaging have been 
used to overcome these difficulties and have proved invaluable as a tool for the 
investigation of the electrical events that occur in fine dendrites and spines. 
In recent years there has been considerable interest in the function of small 
conductance calcium-activated potassium channels (SK channels) in dendrites, 
and particularly in dendritic spines. There is a growing body of evidence 
demonstrating that SK channels located in the spine head regulate calcium 
influx into spines during EPSPs (Ngo-Ahn et al, 2005; Bloodgood & Sabatini , 
2007). The main consequence of SK channel activation in spines is dampening 
of calcium influx through NMDARs, which in turn constrains EPSP size (Ngo-
Ahn et al 2005; Faber et al. 2005; Bloodgood & Sabatini, 2007). Interestingly, 
SK channels in spines are not activated by bulk calcium influx but rather via 
calcium entry from a particular source. Two different calcium sources have been 
identified to activate SK channels in spines during excitatory input. Some 
studies indicate a primary role of R-type voltage-dependent calcium channels 
(Bloodgood & Sabatini , 2007; Faber 2010), whereas others indicate a primary 
role of calcium influx through NMDARs (Ngo-Ahn et al 2005, Faber et al 2005, 
Lin et al, 2008, Wang et al 2014). 
This chapter describes experiments investigating the role of SK channels in 
regulating calcium influx during bAPs and identifies the calcium source. Basal 
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dendrites of L5 cortical pyramidal neurons were the subject of these 
investigations due to their relatively high spine density and close proximity to 
the soma. 
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METHODS 
Electrophysiology 
Whole-cell patch-clamp electrophysiology was performed on L5 pyramidal 
neurons from somatosensory cortex of Wistar rats, as described in the General 
Methods (Chapter 2). Backpropagating APs were evoked with brief somatic 
current injections (2-4 nA, 2 ms). 
Confocal calcium imaging 
Neurons were loaded with the high affinity calcium-sensitive dye Oregon Green 
BAPTA-1 (OGB-1) or the low affinity dye Oregon Green BAPTA 6F (OGB-6F) 
via the recording pipette. The calcium indicator was added directly to the K-
gluconate intracellular solution. Cells were typically loaded for 50-60 minutes 
after obtaining the whole-cell configuration and prior to the commencement of 
imaging. Longer loading periods of up to 120 minutes were used for spines 
located further than 150 µm away from the soma. OGB-1 was employed to 
detect the small calcium transients in spines and dendrites associated with 
single bAPs and was used in most experiments. OGB-6F was used in some 
experiments to control for the potential impact of the high buffer capacity of 
OGB-f Frame scans were used to identify dendrites and spines of interest. 
Repeated line scans were subsequently performed at 500-700 Hz during APs 
with the laser trajectory set to traverse the spine head and parent dendrite. In 
experiments using OGB-6F spot scans were performed at 5 kHz. A rapid 
acquisition rate was necessary due to the fast kinetics of this indicator. In 
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experiments using cyclopiazonic acid to inhibit intracellular stores neurons were 
filled with OGB-6F and frame scans of the soma performed at 20 Hz. 
Pharmacology 
SK and VDCC antagonists were dissolved in oxygenated ACSF immediately 
before use. In most cases, pharmacological agents were applied locally via a 
patch pipette with large tip diameter (~20µm). Initial experiments indicated that 
mechanical movement of fine dendrites and spines often lead to an irreversible 
depression of calcium influx that was only prevented by using low-pressure 
applications (less than 10 mm Hg). When using low-pressure applications, it was 
important to make sure the dendrite and spine of interest were located near the 
surface of the slice such that the slice penetration requirement of the 
antagonists was minimized. In some experiments one antagonist was applied in 
the presence of another. This was achieved by using a second local application 
pipette containing both antagonists. In experiments investigating the role of 
intracellular stores, cyclopiazonic acid (CPA) was bath applied for 15 minutes 
prior to the commencement of imaging and apamin was locally co-applied with 
CPA. ACh (100 µM) was locally applied to the soma using brief (10 ms) pulses 
applied with a Picospritzer Ill (Parker, USA) from a standard patch pipette (tip 
diameter 2-3 µm). Antagonists and concentrations used are indicated in the 
subsequent table. 
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Antagonists for the inhibition of SK, VDCCs and intracellular calcium 
stores 
Target Antagonist Concentration Manufacturer 
SK channels Apamin 1 µM Sigma Aldrich 
SK channels UCL 1684 1 µM Tocris 
Alamone Labs or 
R-Type SNX 482 1 µM Japanese 
Peptide Institute 
N/P/Q-Type Conotoxin MVIIC 10 µM Japanese Peptide Institute 
SERCA Pump Cyclopiazonic 30 µM Tocris 
acid 
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RESULTS 
SK channels constrain spine and dendrite calcium influx during bAPs 
Basal dendrites of cortical LS pyramidal neurons were identified by their 
emanation from the soma, the presence of spines and the characteristic radial 
projection pattern within L5 (Figure 3.1 A). Calcium influx into spines at various 
distances from the soma (50-200 µm) was monitored with the high affinity 
indicator OGB-1 (Figure 3.1A). Single bAPs caused large changes in 
fluorescence, detected by repeated line-scans across the spine head and 
parent dendrite (Figure 3.1A) 
The role of SK channels in regulating calcium influx into spines and dendrites 
during bAPs was investigated with the SK channel antagonist apamin. Local 
application of apamin (1 µM in ACSF) caused a significant increase in calcium 
influx during bAPs in both spines and dendrites (Figure 3.1 B-D; n=31 ). Across 
all spines we observed an average increase in fluorescence of around 40%, 
which was larger than the increase in the adjacent dendrite (Figure 3.1 B). The 
properties of APs recorded at the soma were unaffected by apamin (AP 
amplitude: ACSF: 100.9 ± 2.4 mV, apamin: 101.3 ± 2.1 mV, P = 0.77; half-
width: ACSF: 0.62 ± 0.01 ms; apamin: 0.63 ± 0.03 ms, P = 0.82; n = 5). 
Importantly, the affect of apamin on bAP-evoked calcium influx into spines and 
dendrites was distance dependent, with apamin having the greatest impact at 
distal dendritic locations (Figure 3.1 E,F). As OGB-1 is a high affinity calcium 
buffer (Ko ~200 nM), and may therefore perturb SK channel activation, the 
Figure 3.1. 
Figure 3.1. - SK channels constrain calcium influx into spines and 
dendrites during bAPs. 
A1, Confocal image of a layer 5 pyramidal ~neuron filled with 200 µM OGB1 . 
Scale bar 25 µm. Yellow box indicates region of interest (ROI) in a distal basal 
dendrite . A2, ROI at high magnification . Dashed line shows location of line-
scan . Scale bar 1 µm. A3, Repeated line-scans through the spine and dendrite 
shown in A2. A single AP evoked after 30 ms (red arrow) caused a large 
increase in fluorescence in both compartments. B, AP-evoked change in 
fluorescence in a spine (top) and dendrite (bottom) before (black) and after 
(red) local application of apamin (1 µM) . Same spine as in A2. In this and all 
subsequent figures the solid line and shaded regions represent the mean 
±SEM. C,D, Average AP-evoked peak LiF/F (±S.E.M) in spines in the absence 
and presence of apamin (C) and average change in AP-evoked fluorescence 
(±S.E.M) in spines and dendrites after application of apamin (D) , pooled from 
. spines located at distances between 50-200 µm from the soma (n=32) . E,F, 
Change in AP-evoked fluorescence in spines (E) and dendrites (F) after apamin 
application versus distance of the ROI from the soma. Lines represent linear fits 
to OGB-1 data . Pearson 's co-efficient 0.868 (E) and 0.860 (F). G-H, Average 
change in AP-evoked fluorescence (± S. E.M) in spines and dendrites after 
application of UCL 1684 (G; 1 µM ; n=15) and normal ACSF (H; n=12) , pooled 
data from spines and parent dendrites located at distances greater than 100 µm 
from the soma . ** denotes p < 0.01 , * denotes p <· 0.05 , 'ns' denotes not 
significant 
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observed distance dependence could be due to a higher concentration of 
calcium indicator at proximal compared to distal locations. To investigate this 
possibility, we repeated these experiments with the low affinity indicator OGB-
6F (Ko ~3 µM). While we did not have the sensitivity to resolve calcium 
transients in spines in these experiments, using OGB-6F apamin caused a 
similar distance-dependent increase in dendritic calcium transients during bAPs 
(Figure 3.1 F, red symbols). This result suggests that the distance dependence 
of the impact of apamin on bAP calcium transients is not due to spatial 
differences in calcium buffering. 
In addition, we investigated the impact of the alternative SK channel inhibitor 
UCL 1684. Local application of UCL 1684 (1 µM in ACSF) led to a similar 
increase in calcium influx in spines and dendrites during bAPs to that seen 
during apamin applications (Figure 3.1 G, n=15), indicating that apamin is 
working specifically. To check that the affect of apamin and UCL 1684 were not 
a result of the local application method, we performed control experiments 
where ACSF alone was locally applied in the same way as during drug 
applications. Comparison of fluorescence changes during bAPs at the 
beginning and end of ACSF applications indicated no significant impact of our 
local perfusion system on bAP-evoked calcium transients (Figure 3.1 H; n=12). 
Finally, the impact of apamin on spines in apical oblique dendrites was also 
investigated. While apamin led to a significant increase bAP evoked calcium 
transients in apical oblique spines (24.3 ± 6.4 % change; p < 0.01 ), similar to 
spines on basal dendrites, there was no significant effect on adjacent oblique 
dendrites (4.7 ± 2.5 %; p = 0.1; n=10). Together, these data indicate that SK 
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channels in LS cortical pyramidal neurons play an important role in regulating 
calcium influx into spines and basal dendrites during bAPs, particularly at distal 
dendritic locations. 
R-type calcium channels control SK channel activation during bAPs 
We next investigated the calcium source(s) controlling activation of SK 
channels in spines and dendrites during bAPs. Other groups have shown that 
SK channels in spines during synaptic input are activated by calcium influx 
through R-type VDCCs (Bloodgood and Sabatini, 2007; Faber, 2010) and/or 
NMDARs (Faber et al., 2005; Ngo-Anh et al., 2005; Wang et al., 2014). Given 
that NMDAR activation during bAPs is negligible (Koester and Sakmann, 2000; 
Sabatini and Svoboda, 2000; Bloodgood and Sabatini, 2007), we examined 
whether SK channel activation during bAPs requires calcium influx through R-
type VDCCs using the antagonist SNX 482. Local application of SNX 482 (1 
µM) caused a significant decease in bAP-evoked calcium transients in dendrites 
but not in spines (Figure 3.2A-C; spines: P = 0.561, dendrites: P = 0.0182, 
n=12). There are two possible explanations for this result. The first is that 
R-type VDCCs are not present in spines or not activated by bAPs. The second 
is that R-type VDCCs contribute both to calcium influx into spines and provide 
the calcium necessary for SK channel activation. If the second explanation is 
correct, during the application of SNX 482 the contribution of R-type VDCCs to 
calcium influx is expected to decrease but the perturbation of SK channel 
function and its impact on the activation of other VDCC subtypes present in the 
spine head could compensate. This could in principle lead to no net impact of 
blocking R-type VDCCs on spine calcium influx during bAPs. To isolate the 
Figure 3.2. 
Figure 3.2. - R-type VDCCs control SK channel activation during bAPs. 
A, AP-evoked change in fluorescence in a spine (top) and dendrite (bottom) in 
control (black) and after local application of SNX482 (1 µM; blue) . B, Average 
AP-evoked peak LiF/F for spines before and after local application of SNX482 
(±S.E.M; n=15) . C, Average % change in AP-evoked fluorescence in SNX482 
compared to control in spines and dendrites (±S.E.M; n=15). D, AP-evoked 
change in fluorescence in a spine (top) and dendrite (bottom) in the presence of 
apamin (1 µM ; red) and after local application of SNX482 in apamin (blue) . E, 
Average AP-evoked peak LiF/F for spines before and after application of 
SNX482 in the continued presence of apamin (±S.E.M ; n=19) . F, Average % 
change in AP-evoked fluorescence in SNX 482 plus apamin compared to 
apamin alone in spines and dendrites (±S.E.M ; n=19). G, AP-evoked change in 
fluorescence in a spine (top) and dendrite (bottom) in the presence of SNX482 
(blue) and after local application of apamin in SNX482 (red) . H, Average AP-
evoked peak LiF/F for spines bef?re and after application of apamin in the 
continued presence of SNX482 (±S.E.M; n=21 ). /, Average % change in AP-
evoked fluorescence in apamin plus SNX482 compared to SNX482 alone in 
spines and dendrites (±S.E.M; n=21 ). * denotes p < 0.05 , ** denotes p < 0.01 , 
ns denotes not significant. 
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impact of R-type VDCC block on calcium influx from its potential impact on SK 
channel activation, SNX 482 was applied in the presence of apamin. Under 
these conditions SNX 482 caused a significant decrease in bAP-evoked 
calcium transients in both dendrites and spines (Figure 3.2D-F; n=19). These 
findings indicate that R-type VDCCs are present in both spines and dendrites. 
To test if calcium influx through R-type VDCCs channels is required for SK 
channel activation, apamin was applied in the presence of SNX 482. Under 
these conditions, apamin had no significant impact on bAP-evoked calcium 
influx in either spines or dendrites (Figure 3.2G-I; n=19). Together, these data 
indicate that R-type VDCCs in spines and dendrites are activated by bAPs, and 
that blocking these channels occludes the impact of apamin on bAP-evoked 
calcium transients. 
Role of other calcium sources 
While these data indicate a critical role of R-type VDCCs in controlling activation 
of SK channels in spines and dendrites during bAPs, are they the sole calcium 
source for SK channel activation? Calcium influx into spines and dendrites 
during bAPs is mediated by multiple VDCC subtypes (Sabatini and Svoboda, 
2000; Bloodgood and Sabatini, 2007). Consistent with this, blocking R-type 
VDCC~ in the presence of apamin only reduced bAP-evoked calcium transients 
by approximately 20% (Figure 3.2D-F). To investigate the potential role of other 
VDCCs in activating SK channels we perturbed calcium influx into spines and 
dendrites by inhibiting N and P/Q type VDCCs using local applications of 
conotoxin MVIIC (10 µM). Blocking N and P/Q VDCCs significantly reduced 
bAP-evoked calcium influx into spines and dendrites by approximately 20% 
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(Figure 3.3A-C; spines: n=10), indicating that N and P/Q type VDCCs are 
present in basal spines and dendrites of L5 pyramidal neurons and activated by 
bAPs. In contrast to SNX 482, however, the application of apamin in the 
presence of conotoxin MVIIC still lead to a significant (~30%) increase in bAP-
evoked calcium transients in both spines and dendrites (Figure 3.3D-F; n=10). 
These data show that calcium influx through N- and/or P/Q-type VDCCs in 
spines and dendrites during bAPs is not required for SK channel activation. 
Furthermore, they indicate that despite multiple VDCCs contributing to calcium 
influx in spines and dendrites during bAPs, SK channel activation is triggered 
solely by calcium influx through R-type VDCCs. 
A recent study showed that SK channel activation during EPSPs can be 
abolished by blocking calcium release from intracellular stores, suggesting a 
role of calcium-induced calcium release in SK channel activation (Faber, 2010). 
To investigate the potential impact of calcium release from intracellular stores 
on SK channel activation during bAPs we depleted intracellular calcium stores 
with the calcium-ATPase inhibitor cyclopiazonic acid (CPA; 30 µM in the bath) 
(Seidler et al., 1989). Local application of apamin in the presence of CPA 
caused a similar enhancement of bAP-evoked calcium transients in basal 
spines and dendrites to that seen under control conditions (Figure 3.4A-C; 
n=10; compare with Figure 3.1 D). This data suggests that intracellular calcium 
stores are unlikely to be involved in controlling SK channel activation during 
bAPs. To confirm that CPA had emptied intracellular calcium stores we locally 
applied acetylcholine (ACh) to the soma, which is known to cause intracellular 
calcium release leading to a large increase in somatic calcium (Gulledge and 
Figure 3.3. 
Figure 3.3. - Block of N and P/Q type VDCCs does not affect SK channel 
activation 
A, AP-evoked change in fluorescence in a spine (top) and dendrite (bottom) 
before (black) and after application of conotoxin MVIIC (1 0 µM; green) to block 
N and P/Q type VDCCs. B, Average AP-evoked peak 6 F/F in spines before and 
after the application of contoxin MVIIC. C, Average % change in AP-evoked 
fluorescence in spines and dendrites after application of conotoxin MVIIC 
(±S.E.M ; n=10) . D, AP-evoked change in fluorescence in a sp ine (top) and 
dendrite (bottom) in conotoxin MVIIC (green) and after application of apamin (1 
µM) in the presence of conotoxin MVIIC (red) . E, Average AP-evoked peak 
6 F/F in spines before and after application of apamin in the continued presence 
of conotoxin MVIIC (±S. E.M; n=10). F, Average % change in AP-evoked 
fluorescence after application of apamin in the presence of conotoxin MVIIC 
(±S.E.M; n=10). * denotes p < 0.05 , ** denotes p < 0.01 . 
A 
8 
LI.. 
80 
70 
i:i: 60 
~ 50 
~ A O 
QJ 
a.. 30 
20 
C 
LI.. 
Cl) 
(..) 
<( 
0 
5 -10 
.l:: 
QJ 
g'-20 
"' .s::: (..) 
-:!<. -30 
0 
Conotoxin MVIIC 
ACSF 
Spines 
** 
MVIIC 
% Change 
Spines Dendrites 
** 
** 
D Apamin 
(in Conotoxin MVIIC) 
E 
80 
70 
LI.. 
i:i: 60 
~ 50 
~40 
QJ 
a.. 30 
20 
F 
~ 50 
> ~ 40 
5 30 
.l:: 
gi, 20 
C ~ 10 
(..) 0 
':!<. 0 
MVIIC 
_J 40% t:J.F/F 
Spines 
** 
15 ms 
MVIIC 
&Apamin 
¾Change 
* 
* 
Spines Dendrites 
Figure 3.4. 
Figure 3.4. - Inhibition of intracellular calcium stores does not affect SK 
channel activation. 
A, AP-evoked change in fluorescence in a spine (left) and dendrite (right) in the 
presence of CPA to deplete intracellular calcium stores (30 µM; black) and after 
application of apamin (1 µM) in the present of CPA (red) . B, Average AP-
evoked peak i'.\F/F in spines before and after application of apamin in the 
continued presence of CPA (±S.E.M; n=10) . C, Average % change in AP-
evoked fluorescence after application of apamin in the presence of CPA 
(±S.E.M; n=10). D, Change in fluorescence at the soma in response to a 10 ms 
local application of 100 µM acetylcholine to the soma in normal ACSF (black) 
and in the presence of CPA (blue) . E, Average change in fluorescence during 
somatic acetylcholine applications i~_ ACSF and CPA (n=4) . ** denotes p < 0.01 , 
ns denotes not significant. 
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Stuart, 2005; Gulledge et al., 2007). The low affinity calcium indicator OGB-6F 
(200 µM) was included in the recording pipette and calcium transients in these 
experiments were evoked by brief (10 ms) applications of ACh (100 µM) in the 
absence and presence of CPA. As expected, the presence of CPA abolished 
ACh-induced calcium transients (Figure 3.4D-E; n=4 ), indicating that CPA was 
effective in emptying intracellular calcium stores under our experimental 
conditions. 
') 
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DISCUSSION 
This chapter has provides evidence for SK channels playing a role in regulating 
calcium influx in dendrites and spines during bAPs, and shows that the sole 
calcium source for SK channel activation by bAPs is via R-type VDCCs. 
SK channel activation in dendrites and spines during action potentials 
The observed increase in bAP-evoked calcium influx during SK channel block is 
presumably due to enhanced activation of VDCCs in spines and dendrites 
following an increase in amplitude or broadening of bAPs. Consistent with this 
idea, it has recently been observed that SK channels can control bAP amplitude 
in cerebellar Purkinje neurons (Ohtsuki et al., 2012). The observation that 
dendritic SK channels can influence bAPs is surprising given that apamin had 
no impact on the somatic AP waveform. Previous studies indicate that SK 
channels can activate within a millisecond during rapid changes in intracellular 
calcium at room temperature (Xia et al., 1998), and would be expected to 
activate even faster at physiological temperatures. In addition, one might expect 
SK channels to have a greater impact on bAPs due to their increased duration 
compared to somatic APs (Stuart et al., 1997; Nevian et al., 2007). Consistent 
with this idea, the impact of SK channels on bAP-evoked calcium transients was 
greatest at distal locations where bAP duration in basal dendrites is longest 
(Kam.pa and Stuart, 2006; Nevian et al., 2007) (although see Antic, 2003). The 
distance-dependent impact of apamin on bAP-evoked calcium transients may 
also be explained by a higher expression of SK or R-type calcium channels at 
distal dendritic · locations. Finally, we observed that blocking SK channels 
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caused a greater increase in bAP-evoked calcium influx in spines compared to 
dendrites, particularly in oblique dendrites. While this effect may also be due to 
_,,., - . 
differences in channel expression in spines versus dendrites, the larger surface 
to volume ratio of spines compared to dendrites would be expected to 
contribute (Sabatini et al., 2002). 
Calcium sources for SK channel activation in dendritic spines 
While there is evidf:mce that R-type VDCCs control SK channel activation in 
spines during EPSP-like events evoked by glutamate-uncaging (Bloodgood and 
Sabatini, 2007), other studies have suggested that calcium influx through 
NMDA receptors is critical for SK channel activation during EPSPs (Faber et al., 
/ 
2005; Ngo-Anh et al., 2005; Faber, 2010; Wang et al., 2014). Consistent with 
this latter idea, NMDA receptors and SK channels are co-localised within the 
postsynaptic density in CA1 pyramidal neurons (Lin et al., 2008). Because SK 
channels in spines modulate NMDA receptor activation (Faber et al., 2005; 
Ngo-Anh et al., 2005; Faber, 2010), which provides the main calcium source 
during synaptic activation (Ko"valchuk et al., 2000; Sabatini et al., 2002), 
identifying the calcium source driving SK channel activation in spines during 
EPSPs is complex. This complication does not exist in our experiments, as 
NMD}\ receptor activation during bAPs is negligible (Koester and Sakmann, 
2000; Sabatini and Svoboda, 2000; Bloodgood and Sabatini , 2007). During 
bAPs we find that inhibition of solely R-type (VDCCs is sufficient to block SK 
channel activation. Moreover, inhibitio17 of N and P/Q type VDCCs, which are 
expressed in spines along with R-type VDCCs and led to similar calcium influx 
during bAPs, did not influence SK channel activation. This indicates tight and 
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specific coupling between R-type VDCCs and SK channels within the spine 
head. This conclusion is similar to that made previously during EPSP-like 
events evoked by glutamate-uncaging in spines from CA 1 pyramidal neurons 
(Bloodgood and Sabatini, 2007). These data suggest that R-type VDCCs and 
SK channels in the spine head are coupled in nanodomains, consistent with 
previous observations showing that only high concentrations of the fast, high 
affinity calcium buffer BAPTA are able to interfere with SK channel activation in 
spines during EPSPs (Ngo-Anh et al., 2005) 
Possible physiological significance 
As SK channels play an important role in regulating dendritic calcium dynamics, 
modulation of these channels would be expected to modify neuronal excitability 
and synaptic plasticity. Consistent with this idea, down regulation of SK 
channels following activation of M1 muscarinic or~ adrenergic receptors in CA 1 
pyramidal (Buchanan et al., 201 0; Giessel and Sabatini , 2010) and lateral 
amygdala neurons (Faber et al., 2008), respectively, increases synaptic 
strength. Conversely, changes in synaptic strength during · synaptic plasticity 
have been shown to be associated with changes in SK channel function (Lin et 
al., 290s; Ohtsuki et al., 2012). Given the specific coupling of R-type VDCCs to 
SK ch?nnels in spines, as shown here and elsewhere (Bloodgood and Sabatini , 
2007), modulation of R-type VDCCs following activation of D2 dopamine 
receptors (Higley and Sabatini , 2010) may provide another mechanism in which 
• SK channel activation in spines can be regulated . Recent evidence indicates 
that GABAergic inhibition can modulate calcium influx onto individual dendritic 
spines during bAPs in a selective manner (Chiu et al., 2013). These data 
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suggest that spine-specific SK channel modulation could act to influence 
calcium influx into only those spines during bAPs. 
What possible function might SK channels in spines and dendrites serve when 
activated by bAPs? The capacity of SK channels in spines and dendrites to 
constrain the amplitude and/or width of bAPs would be expected to influence 
C 
NMOA receptor activation during EPSP-AP pairing. This effect would be 
greatest at distal dendritic locations, where NMOA receptor activation during 
synaptic events is most pronounced (Branco and Hausser, 2011 ). Given that 
changes in synaptic strength during spike-timing dependent plasticity (STOP) 
are dependent on NMOA receptor activation (Markram et al., 1997), the impact 
of SK channels on the bAP time course may play a role in setting the STOP 
time window (Froemke et al., 2005; Letzkus et al., 2006), possibly increasing 
the fidelity of co-incidence detection during STOP. 
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CHAPTER 4: ON THE FUNCTION OF SOMATIC CALCIUM-
ACTIVATED POTASSIUM CHANNELS DURING ACTION POTENTIALS. 
INTRODUCTION 
SK channels have long been known to mediate the medium 
afterhyperpolarisation (mAHP) in many types of neurons, including cortical 
pyramidal neurons (Schwindt et al, 1988), neurons in the lateral amygdala 
(Faber & Sah, 2002) vagal motorneurons (Sah & Mclachlan, 1991) and 
cerebellar Purkinje neurons (Womack & Khodakhah, 2003; Womack et al, 
2004 ). The involvement of SK channels in the mAHP in CA 1 pyramidal neurons 
is more controversial. While it was initially thought that- SK channels were 
involved in generation of the mAHP in these neurons more recent work 
' suggests this is not the case (Stocker et al., 1999; Gu et al., 2005; Gu et al., 
2008). Because it generates a hyperpolarization after APs the mAHP plays a 
key role in regulating action potential accommodation, output gain and in some 
cases burst firing (Schwindt et al., 1988; Faber & Sah, 2002; Womack & 
Khoakhah, 2003; Womack et al., 2004). 
The source of calcium for somatic SK channel activation seems to be largely 
dependent on neuronal cell type. For example, in midbrain dopaminergic 
neurons activation of SK channels during the mAHP is solely dependent on T-
type VDCCs (Wolfart & Roeper, 2002), whereas only L-type channels are 
coupled to somatic SK channels in hippocampal pyramidal neurons (Marrion & 
\ 
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Travalin, 1998). Given the expression of multiple VDCC subtypes at the soma 
of these neurons and the specificity of SK-VDCC coupling, these findings 
suggest that somatic SK channels, like those in spines, are not activated by 
bulk calcium influx but exist in a nanodomain with their calcium source (Fakler & 
Adelman, 2008). 
This chapter describes experiments investigating the activation of somatic SK 
channels in layer 5 pyramidal neurons. The aim was to investigate the strength 
of coupling of somatic SK channels to their calcium source, as well as identify 
the calcium source(s). 
', 
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METHODS 
Electrophysiology 
I 
Whole-cell patch-clamp recording were made from large L5 pyramidal neurons, 
as described in the General Methods (Chapter 2). Single APs were elicited by 
200 ms current pulses just above rheobase. 50-100 APs1 were aligned and 
averaged to reveal the AP waveform and mAHP under the different conditions. 
Input-output relationships were performed using a series of 500 ms long current 
pulses ascending in 100 pA steps from Oto 1600 pA. Oregon Green BAPTA-1 
at 200 µM or ethylene glycol tetraacetic acid (EGTA) at 200 µM or 1 mM were 
added to the intracellular solution to evaluate the affect of calcium chelators on 
somatic SK channel activation. 
Data was only analyzed from cells with stable resting membrane potentials 
(defined as a less than 2 mV change) more negative than -60 mV. Neuron input 
resistance was measured throughout each experiment using repeated current 
injections of -20 pA with a duration of 1 second (60-100 sweeps were typically 
averaged). Rheobase was determined using 200 ms somatic current injections 
and denoted as the lowest current amplitude that evoked an action potential. . 
Confocal calcium imaging 
In some experiments neurons were loaded with 200µM Oregon Green BAPTA-
1 via the recording pipette and spot calcium imaging was performed on the 
soma and basal dendrites using a rate of 700 Hz, as described in the General 
Methods (Chapter 2). 
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Pharmacology 
Antagonists for VDCCs, SK and BK channels were applied in the bath at the 
concentrations listed in the table below. 
Antagonists used to inhibit SK, BK and VDCCs 
Target Antagonist Concentration Manufacturer 
SK channels Apamin 100 nM Sigma Aldrich 
BK channels Paxilline 1 µM Tocris Bioscience 
R-type VDCC SNX-482 300 nM Alamone Labs 
N type VDCC Conotoxin GVIA 1 µM Alamone Labs 
L-type VDCC Nifedipine 15 µM Sigma Aldrich 
T-type VDCC NNC- 20 µM Sigma Aldrich 
P/Q-Type VDCC Agatoxin IVA 300 nM - Alamone Labs 
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RESULTS 
Somatic SK channels are not tightly coupled to their source of calcium 
SK channels have long been known to contribute to the generation of the 
mAHP in L5 pyramidal neurons (Schwindt et al., 1988). Hence we were It was 
surprised to find that applications of apamin did not affect the mAHP in our 
calcium imaging experiments. We hypothesized that this may be the case 
because OGB-1, which is related to the fast calcium buffer BAPTA, perturbs SK 
channel activation at the soma through calcium chelation. To test this 
hypothesis, changes in the amplitude of . the mAHP were quantified in the 
absence and presence of OGB-1 in the pipette internal solution. Single APs in 
these experiments were elicited at depolarized membrane potentials by 200 ms 
long positive current pulses instead of brief (2 ms), high an_:iplitude, pulses from 
the resting membrane potential. APs evoked in this way had larger mAHPs as 
the membrane potential after the AP is more depolarization, increasing the 
driving force for the SK current. The strength of current pulses was set to be just 
above rheobase. 
In the absence of OGB-1 in the internal solution , bath application of apamin 
(100 nM) lead to a significant reduction in the amplitude of the mAHP (Figure 
4.1A,D; n=5). Inclusion of OGB-1 (200 µM) in the internal solution, however, 
lead to a time-dependent decrease in the mAHP, with the impact of apamin on 
the mAHP occluded 30 minutes after break in (Figure 4.1 B,D; n=5). The 
observation that low concentrations of the calcium-sensitive dye OGB-1 blocked 
the mAHP suggests that the coupling of somatic SK channels to their calcium 
Figure 4.1. 
Figure 4.1. - Impact of calcium chelators on the mAHP. 
A-C, Truncated somatic action potentials evoked by 200 ms somatic current 
pulses showing the mAHP in control just after initiation of recording (black, solid 
line) , 30 minutes after recording (black, dashed line) and/or in the presence of 
apamin (red , solid line) . Recordings were made with no internal calcium 
indicator in the pipette solution (A) , with OGB-1 (B; 200 µM) or with EGTA in 
the pipette solution (C; 1 mM). The mAHP amplitude was measured 30 ms after 
AP onset (dashed vertical line in A) . D,E, Average change in mAHP amplitude 
in the absence (black) and presence (red) of apamin in cells with and without 
OGB-1 in the pipette solution (D) and in cells dialyzed with 200 µM or 1 mM 
EGTA (E; n=6 for each). * denotes p < 0.05 , ns denotes not significant. 
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source is weak. To investigate this further we tested the impact of EGTA on the 
mAHP. EGTA is a calcium buffer that has a binding rate ~40 times slower than 
BAPTA (Nagerl et al., 2000), and thus can only interfere with calcium 
dependent processes where the source and effector are within a microdomain 
(Neher, 1998). Using the same concentration of EGTA (200 µM) a partial 
perturbation of the mAHP was observed (n=6), with full inhibition of the mAHP 
occurring when the EGTA concentration was increased to 1 mM (Figure 4, 1 C,E; 
n=6). The diffusional distance between somatic SK channels and their calcium 
source can be approximated by: .JDca/k0n [buffer] (Neher, 1998). Based on a 
diffusion coefficient of calcium (Dea) of 220 µm2 s-1 (Neher, 1998), a buffer 
(EGTA) concentration of 1 mM and assuming a kon of EGTA of 1 X 107 M-1 s-1 
(Nagerl et al. , 2000), we estimate the average distance between somatic SK 
, channels and their calcium source to be greater than 150. nm. These data 
suggest that somatic SK channels are not tightly coupled to their calcium 
source. 
As the mAHP plays a role in setting the inter-spike interval during trains of APs, 
one consequence of blockin§ the mAHP is to increase AP firing (Schwindt et al., 
1988; Stocker et al. , 1999). Consistent with previous findings , the addition of 
. apa~in to the extracellular solution caused a significant increase in AP firing 
frequency during long somatic current steps (500 ms) and led to burst firing in 7 
out of 10 neurons during shorter current steps (200 ms) just above rheobase 
(Figure 4.2A,B,E). We next investigated whether dialysis of OGB-1 also leads to 
similar changes in AP firing frequency and the propensity for burst firing . So as 
to obtain conditions in the absence of OGB-1 pipettes in these experiments 
Figure 4.2. 
Figure 4.2. - Impact of calcium chelators on action potential firing. 
A,B, Action potential evoked in response to a 200 ms current step just above 
rheobase (A) or in response to a 500 ms current step (B, 1600 pA amplitude) 
just after break in (top) , after 30 minutes (middle) and in apamin (bottom) . C,D, 
Action potential evoked in response to a 200 ms current step just above 
rheobase (C) or in response to a 500 ms current step (D , 1600 pA amplitude) 
just after break in (top) , after 30 minutes (middle) and in apamin (bottom) in 
cells dialyzed with 200 µM OGB-1 . E,F, Input-output firing properties during 500 
ms somatic current injections in control (E) and in cells dialyzed with 200 µM 
OGB-1 (F) immediately after break in (black circles) , after 30 minutes (black 
squares) and after the addition of apamin (red triangles ; n=1 O for each) . * 
denotes p < 0.05, ns denotes not significant. 
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were tip filled with intracellular solution without the indicator and then back filled 
, with solution containing the dye. Over the first 30 minutes of the recording there 
was a significant change in the F-I relationship, with many (8 out of 10) regular 
spiking neurons displaying burst firing after dialysis with OGB-1 (Figure 
' 4.2C,D,F). Subsequent addition of apamin to the extracellular solution in these 
experiments led to no additional effect on AP firing, indicating that SK channels 
were bl9cked (Figure 4.2C,D,F). · Rheobase and input resistance were 
unchanged by the dialysis of OGB-1 or the addition of apamin (Table 4.1 ). An 
increase in the incidence of burst firing was also observed after dialysis with 1 
mM EGTA (3/6 neurons; not shown). These data indicate that inclusion of low 
concentrations of exogenous calcium buffers, such as fluorescent calcium 
indicators, can significantly alter the firing properties of L5 pyramidal neurons 
due to the weak coupling between somatic SK channels and their calcium 
source. 
· The calcium source for SK channel activation mediating the mAHP 
We next investigated the calcium source driving activation of SK channels at 
the soma during the mAHP. The observation that low concentrations of OGB-1 
(200 µM) or EGTA (1 mM) were sufficient to abolish the mAHP (Figure 4.1) 
sugg_ests that somatic SK channels are not tightly coupled to their calcium 
source. As a result one might expect that calcium influx through multiple VDCCs 
can activate SK channels during the mAHP. To investigate this, we bath applied 
antagonists to different VDCC subtypes and monitored their impact on the 
apamin-sensitive mAHP. We found that antagonists to' all known VDCC 
subtypes except R-type VDCCs caused a reduction in the amplitude of the 
Table 4.1. - Impact of apamin and OGB-1 on rheobase and input 
resistance (RN) 
No Indicator 
Breakin 30min Apamin N 
Rheobase(pA) 324 ± 32.31 323 ± 35.30 319 ± 35.51 10 
RN (MO) 27 ± 1.71 27± 1.63 26± 1.60 10 
OGB-1 
Breakin 30min Apamin N 
Rheobase (pA) 269.±12.69 265 ± 16.20 265 ± 14.92 10 
RN (MO) 29 ± 1.37 28 ± 1.51 27±2.13 10 
. I 
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mAHP (Figure 4.3). To determine whether an additional calcium source other 
than N, P/Q, L and T-type VDCCs contributes to SK channel activation during 
, 
the mAHP we applied a cocktail of antagonists to these VDCCs. Under these 
conditions the addition of apamin had no significant affect on the mAHP (Figure 
4.3F,G; n=6), indicating that the activation of SK channels during the mAHP can 
be completely perturbed by blocking N, P/Q, Land T-type VDCCs. The effect of 
the VDCC antagonist cocktail was occluded by the presence of apamin (Figure 
4.3G; n=4 ), indicating that inhibition of VDCCs modulates the mAHP solely by 
blocking SK channels and not via perturbing a different calcium-dependent 
conductance active at the same time after an AP. 
One likely explanation for the absence of a contribution of R-type VDCCs to the 
amplitude of the mAHP is that R-type VDCCs aren 't expressed at the soma of 
LS pyramidal neurons. To investigate this, somatic and dendritic calcium 
imaging was performed in the absence and presence of SNX482. There was no 
difference in calcium influx at the soma in the two conditions, whereas a ~20% 
decrease in calcium influx was observed in basal dendrites ~100µm from the 
.soma in the presence of SNX482 (Figure 4.4; n=S). This data suggests that R-
type VDCCs are not expressed at the soma, but are expressed in basal 
dendrites as observed in Chapter 3. These data indicate that the absence of a 
role of R-type VDCCs in the generation of the mAHP (Figure 4.3A,G) is due to 
the lack of expression of these channel_s at the soma. 
Together, these findings demonstrate that SK channels mediating the apamin-
sensitive component of the mAHP can be activated by calcium influx through a 
Figure 4.3. 
Figure 4.3. - The calcium source for the mAHP in cortical pyramidal 
neurons. 
A-F, Truncated somatic action potentials evoked by 200 ms somatic current 
pulses showing the mAHP in control (black, solid line) , after bath application of 
VDCC blockers (colored dashed line) and in the presence of apamin (red , solid 
line). A, Impact of the R-type VDCC blocker SNX 482 (300 nM ; n=5). B, Impact 
of the N-type VDCC blocker conotoxin GVIA (1 µM ; n=6) . C, Impact of the L-
type VDCC blocker nifedipine (15 µM ; n=6). D, Impact of the T-type VDCC 
blocker NNC 55-0396 (20 µM , n=5) . E, Impact of the P/Q-type VDCC blocker 
agatoxin IVA (300 nM ; n=6) . F, Impact of a cocktail of N, L, T and P/Q type 
VDCC blockers (n=4) . G, Average change in mAHP amplitude (±S.E.M) relative 
to control under the indicated recor9ing conditions (measured 30 ms after AP 
onset). * denotes p < 0.05 , ** denotes p < 0.01 , ns denotes not sign ificant. 
G 
A 
D. 
R-type 
SNX482 SNX482 
& 
Apamin , 
R-type 
- · Control 
::: - SNX482 
- SNX482 & Apamin 
T-type 
Control 
NNC 55-0396 
NNC &Apamin 
.... 
- - - -
N-type 
** 
B 
E 
L-type 
Conotoxin 
GVIA 
GVIA 
& 
Apamin 
Nifedipine Nif. 
& 
Apamin 
N-type C 
- Control 
- - Conotoxin GVIA 
- GVIA & Apamin 
.. - ... .,, 
P/Q-type F 
Control 
Agatoxin IVA 
Agatoxin & Apamin 
T-type P/Q-type 
** 
NNC 
55-0396 
NNC 
& 
Apamin 
Agatoxin Agatoxin 
IVA & 
Apamin 
L-type 
- Control 
- - Nifedipine 
- Nifedipine & Apamin 
Cocktail 
Control 
Cocktail 
Cocktail & Apamin 
_J 10mV 
10 ms 
Cocktail 
Cocktail Cocktail 
& 
Apamin 
ns 
Apamin Apamin 
& 
Cocktail 
Figure 4.4. 
Figure 4.4. - R-type VDCCs are not expressed at the soma of LS pyramidal 
neurons. 
A, . L5 pyramidal neuron filled with OGB-1. The black and yellow boxes indicate 
somatic and dendritic regions of interest (ROls) during point scans. B, Point-
scans of the ROls shown in A during a single AP before and after wash in of 
SNX482. Solid line and shaded regions represent the mean ± SEM. C, Average 
peak tiF/F at somatic and dendritic ROI before and after wash in of SNX482 
(±S.E.M; n=5) . D, Average % change in fluorescence after wash in of SNX482 
at somatic and dendritic ROls (±S.E.M; n=5). 
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variety of VDCC subtypes, consistent with the idea that they are not tightly 
coupled to their calcium source. Furthermore, in contrast to SK channels in 
spines and dendrites, which are coupled solely to R-type VDCCs, SK channels 
mediating the mAHP at the soma of cortical L5 pyramidal neurons are activated 
by all known VDCCs sub-types except R-type. 
Somatic BK channels do not require calcium influx for activation 
Blocking R, N, L, T and P/Q type VDCCs did not lead to a significant increase in 
the width of somatic APs (Figure 4.5A; Table 4.2). This observation was 
surprising given BK channels are well known to mediate the fast 
afterhyperpolarisation (fAHP) in these neurons (Benhassine & Berger, 2005; 
Benhassine & Berger, 2009). Consistent with these previous studies, the BK 
antagonist paxilline (1 µM) led to a significant increase in AP width (Figure 
4.5B). These data suggest that somatic BK channels are working primarily as 
voltage-activated, rather than calcium-activated, channels, and that SK 
channels are the primary calcium-activated conductance at the soma of cortical 
L5 pyramidal neurons during single APs. 
Figure 4.5. 
Figure 4.5. - Impact of VDCC antagonists and BK channel block on 
somatic APs. 
A, Top , Somatic APs elicited by 200 ms positive current pulses in control (black) 
and a VDCC antagonist cocktail including antagonists for N, P/Q, T and L-type 
VDCCs (yellow) . Bottom, Average half width of somatic APs in control (black) 
and the VDCC antagonist cocktail (yellow, n=6) . B, Top , Somatic APs elicited 
by 200 ms positive current pulses in control (black) and the BK channel 
antagonist paxilline (green). Bottom , Average half width of somatic APs In 
control (black) and paxilline (green , n=5) . ** denotes p < 0.01 . 
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Table 4.2. - Impact of VDCC antagonists on somatic AP half-width 
AP half-width (ms} 
VDCC Control VDCC N P-value Blocker{s} 
R-Type 0.72 ± 0.02 0.71 ± 0.02 5 0.596 
N-type 0.69 ± 0.05 0.66 ± 0.04 ~ 5 0.349 
L-type 0.71 ± 0.02 0.70 ± 0.02 6 0.202 
T-type 0.76 ± 0.02 0.74 ± 0.02 6 0.232 
P/Q-type 0.77 ± 0.02 0.76 ± 0.01 6 0.319 
Cocktail 0.74 ± 0.02 0.72 ± 0.02 6 0.403 
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DISCUSSION 
SK channel function during the somatic medium afterhyperpolarisation 
SK channels contribute to the mAHP in many neuronal cell types, including LS 
pyramidal neurons (Schwindt et al., 1988; Faber & Sah, 2002; Womack & 
Khodakhah, 2003; Womack et al., 2004 ), although this is controversial in CA 1 
pyramidal neurons (Stocker et al., 1999; Gu et al., 2008). The ability of low 
. concentrations of both fast (OGB-1) and slow (EGTA) calcium buffers to inhibit 
the mAHP in LS cortical pyramidal neurons suggests that the calcium influx 
driving activation of somatic SK channels is working within a microdomain 
' 
rather than a nanodomain (Neher, 1998; Augustine et al., 2003; Eggerman et 
al., 2012), with a coupling distance greater than ~150 nm. Consistent with this 
idea we show that the SK-dependent component of the n:!AHP in LS neurons is 
controlled by all known VDCC sub-types except R-type VDCCs, which aren't 
expressed at the soma. 
The coupling between somatic SK channels and their calcium source in LS 
. . 
neurons differs from that in other cell types, where the calcium source for SK 
channel activation during the mAHP has been linked to specific VDCC sub-
types. For example, in midbrain dopaminergic neurons activation of SK 
channels during the mAHP is solely depe.ndent on T-type VDCCs (Wolfart & 
Roepar, 2002), whereas only L-type· channels are coupled to somatic SK · 
channels in hippocampal pyramidal neurons (Marrion and Tavalin, 1998). The 
reason(s) for this difference between neuronal cell types, and why it is that SK 
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channels are weakly coupled to multiple calcium sources in L5 neurons, is 
unclear. 
Finally, it is worth noting that our observation that low concentrations of the 
calcium indicator OGB-1 blocks the mAHP, increasing firing rate and promoting 
burst firing, raises the concern that the use of high-affinity calcium indicators to 
investigate network activity (Garaschuk et al., 2006) may inadvertently influence 
neuronal excitability and thereby network dynamics. 
BK channel function at the soma during the fast afterhyperpolarisation 
None of the VDCC antagonists nor the VDCC antagonist cocktail had any 
impact on somatic APs, despite the finding that blocking BK channels increased 
AP width and abolished the fast AHP (Figure 4.4 ). BK channels, unlike SK 
channels, are both calcium and voltage dependent. Increases in intracellular 
calcium shift the activation curve of BK channels to more hyperpolarised, 
physiologically relevant, membrane potentials (Marty et al., 1981, Latorre et al., 
1982; Cui' et al., 1997). The insensitivity of BK channels to VDCC antagonists is 
surprising given that strong activation of BK channels has previously been 
shown to require intracellular ~alcium concentrations in excess of 10 . µM 
(Brenner et al., 2000). Such changes in calcium concentration are only 
observed at sites very close to calcium sources such as VDCCs (Eilers et al 
1995, Naraghi & Neher 1997, Tadross et al 2013). The absence of an effect of 
VDCC antagonists on AP width therefore suggests that BK channels in L5 
pyramidal neurons are not tightly coupled to their calcium source. Furthermore, 
these observations suggest that voltage gating of BK channels at resting 
I • 
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calcium concentrations is sufficient to subserve the role BK channels play in 
controlling AP width in L5 pyramidal neurons. Such a conclusion, however, 
assumes the complete inhibition of calcium influx by the VDCC cocktail. While 
the observation that this cocktail could completely perturb somatic SK channel 
activation is consistent with this idea, a small percentage of active VDCCs 
channels could, in principle, be sufficient to preserve the activation of BK 
channels if they were coupled in nanodomains. While we think this is unlikely, at 
present this possibility cannot be ruled out. 
In this chapter it has been shown that SK channels are loosely coupled to their 
calcium source, and controlled by calcium microdomains rather than 
nanodomains. This result is contrary to SK channel function in many other 
neuronal types. We also provide evidence that BK channels are also loosely 
-
coupled to their calcium source, also contrary to observations in other cells. The 
reason for the?e differences between L5 pyramidal neurons and other neuronal 
cell types is unclear. 
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·~ CHAPTER 5: ON THE FUNCTION OF DENDRITIC SK CHANNELS 
DURING SPIKE-TIMING DEPENDENT PLASTICITY 
INTRODUCTION 
In the last decade there have been numerous demonstrations of SK channel 
. -
activation in dendritic spines of cortical and hippocampal pyramidal neurons 
during EPSPs (Ngo-Anh et al., 2005; Faber et al., 2005; Bloodgood & Sabatini, 
2007; Wang et al., 2014). These studies have shown that excitatory synaptic 
input and consequential calcium influx into spines leads to . SK channel 
activation, which acts to repolarizes the spine membrane potential reducing 
NMDAR activation by promoting magnesium block of NMDARs (Mayer et al, 
1984; Nowak et al., 1984 ). As a consequence, SK channels in spines constrain 
calcium influx through NMDARs, and thereby form part of a negative feedback 
loop controlling EPSP size and calcium influx during synaptic events (Ngo-Ahn 
et al., 2005). As described in Chapter 3 of this thesis SK channels are also 
activated in spines and dendrites during bAPs, controlling calcium influx into 
. . 
these structures through VDCCs. 
The capacity of SK channels to limit calcium influx during both EPSPs and 
bAPs is likely to have has consequences for the induction of synaptic plasticity, 
given the central role of calcium in this phenomenon (Yang et al., 1999). 
Consistent with this idea, blocking SK channel activation , and thereby the 
impact of SK channels on NMDAR function, can promote and enhance L TP 
evoked by tetanic stimulation in hippocampal pyramidal (Behnisch & Reymann, 
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1998; Stackman et al., 2002) and amygdala neurons (Faber et al 2005). As SK 
channels also influence calcium influx during bAPs, presumably by modulating 
AP width and/or amplitude in spines, it seems likely that SK channels will also 
influence the induction of spike-timing dependent synaptic plasticity (STOP). 
The influence of SK channels on STOP induction may not be limited to times 
when EPSPs and AP overlap. Sustained activation of dendritic SK channels by 
bAPs may suppress EPSPs evoked after APs, and thereby influence the timing 
window for induction of LTD. 
This chapter investigates whether SK channel activation by bAPs can influence 
subsequently evoked EPSPs. We also investigate the influence of SK channel 
_ activation during bAPs on NMDAR activation and the impact this has on the 
induction of STOP. 
i 
' . 
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METHODS 
The function of dendritic SK channels during EPSPs was investigated with 
somatic whole-cell electrophysiology in cortical or hippocampal brain slices as 
outlined in Chapter 2. 
Synaptic stimulation 
In the majority of experiments EPSPs were evoked during recordings from 
synaptically coupled pairs of L5 pyramidal neurons. Paired recording was used 
principally because it offers-the capacity to activate known inputs to L5 neurons 
from a homogeneous population. In addition, this experimental approach 
allowed stable recording of EPSPs for periods longer than an hour. Extracellular 
stimulation was used to evoke EPSPs in L2/3 and CA 1 pyramidal neurons as 
paired recordings in these cells were either less stable (in layer 2/3 neurons) or 
difficult to establish (in hippocampal CA1 neurons). Due to the anatomy of the 
hippocampus extracellular stimulation · is likely to predominately activate a 
homogenous set of inputs. 
Neuronal selection · was important for regularly obtaining recordings from 
connected L5 · neurons. The h.ighest success rate was during recordings from 
pairs of neurons that are within the same cortical column, separated by less 
than 50 µm in distance and greater than 50 µm deep in the slice. The chance of 
finding a synaptically connected pair was increased by making recordings from 
three or four neurons at the same time. To evaluate whether there was a 
connection between two given neurons, single APs were evoked in the putative 
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presynaptic neuron whilst monitoring the membrane potential in the putative 
postsynaptic neuron. An average of many repetitions was often needed to 
resolve unitary EPSPs due to their small size as well as the high proportion of 
failures. 
During paired recording presynaptic APs were generated at a frequency of 
either 0.2 or 0.3 Hz. EPSPs were recorded for 15-30 minutes to confirm stability 
prior to the introduction of pharmacological compounds to the bathing solution 
or the induction of synaptic plasticity. Only recordings that were stable (less 
than 10% change in EPSP size) during the final 10 minutes of this baseline 
period were analysed. In addition, recordings were rejected if the input 
resistance of pre- or postsynaptic neurons, measured from the voltage 
response to 700 ms current steps of -50 pA amplitude, changed more than 10% 
during the course of the experiment. 
For extracellular stimulation a custom-built theta glass bipolar extracellular 
stimulating electrode was used to evoke EPSPs in layer 2/3 and hippocampal 
CA1 pyramidal neurons. In these experiments Alexa Fluor 488 (lnvitrogen) was 
dialysed into the neuron and Alexa 555 (lnvitrogen) was added to the 
stimulating electrode solution. This allowed both the dendritic tree of the neuron 
and the tip of the stimulating electrode to be visualized using fluorescence 
microscopy. The tip of the stimulating '3Iectrode was placed within 10-15 µm of 
the dendrite (L2/3: basal; CA 1: oblique) of the neuron of interest. EPSPs were 
generated at 0.1 Hz using a short negative current pulse (10-20 µA, 0.2 ms) 
from an isolated stimulator (World Precision Instruments). The stimulating 
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electrode was filled with 1 M NaCl as this was found to significantly reduce the 
current required to evoke the desired postsynaptic response and thus reduced 
the stimulus artifact. The stimulus current was set to produce an EPSP of 
between 1 and 2 mV. 
Artificial EPSPs 
In some experiments current injection via the somatic whole-cell recording 
pipette was used to mimicking EPSP waveforms. These current injections had 
an exponential rise with a time constant of 0.3 ms and exponential decay with a 
time constant of 3 ms. These parameters were chosen to mimic spontaneous 
EPSCs measured at the soma of L5 neurons (Stuart & Sakmann , 1995). 
AP-EPSP pairing & STOP induction protocols 
To investigate the impact of APs on EPSPs, EPSPs were evoked alone or 
paired with postsynaptic APs evoked at different times before EPSP onset. Two 
different pairing protocols were used. Either APs were evoked 10 ms before 
EPSPs ("-10 ms" timing) in experiments on layer 2/3 or CA1 pyramidal neurons, 
or a range of AP timings was investigated (-10 ms, -20 ms, -50 ms and -100 
ms) in paired recordings from L5 neurons. As a result , AP-EPSP pairing at -10 
ms occurred every 20 seconds in experiments on L2/3 or CA 1 pyramidal 
neurons, or every 16. 7 or 25 seconds in paired recordings from L5 neurons. 
Postsynaptic APs alone were interleaved midway between EPSPs and digitally 
subtracted from the AP-EPSP waveform to reveal the paired EPSP (see below). 
For experiments on STOP, STOP was induced by 60 repetitions of single pre 
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and postsynaptic APs at 0.2 Hz (every 5 seconds) paired at a time interval of 
+10 or -10 ms. 
Pharmacology 
SK channels were blocked by apamin (100 nM; Sigma Aldrich) and NMDARs 
blocked by D(-)-2-amino-5-phosphono-pentanoic acid (D-AP5; 100 µM; Tocris 
Bioscience). Both agents were bath applied. Solution flow rate was 3-4 ml/min, 
leading to steady-state concentrations in the recording chamber within 5 
minutes from the commencement of wash in. 
Data analysis 
For pairing experiments, the EPSP during AP-EPSP pairing, called the "paired 
EPSP", was isolated by digitally subtracting an AP evoke_d on its own from the 
AP-EPSP response. AP-EPSP pairing protocols were designed such that each 
EPSP, whether evoked alone or paired with a postsynaptic AP, was interleaved 
with a postsynaptic AP evoked on its own. The impact of pharmacological 
compounds or STOP induction was evaluated after 20-30 minutes. All data was 
analysed using Axograph X. Statistical significance between groups was 
evaluated with T-tests in either the paired or unpaired configuration as 
appropriate. Statistics were performed in Graphpad Prism 6. EPSPs were 
binned into five-minute periods, unless otherwise specified, and each period 
was averaged and expressed as the mean± SEM. 
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RESULTS 
Unitary EPSPs between synaptically connected pairs of L5 pyramidal neurons. 
Somatic whole-cell patch-clamp recordings were performed from synaptically 
connected L5 pyramidal neurons. The probability of finding a connection in 
these experiments was ~0.2, similar to reports in other studies (Markram et al. , 
1997a; Markram et al. , 1997b ). Connection probability in brain slice 
preparations is likely to be an underestimate due to removal of inputs during the 
slicing procedure. In addition, the success rate is also experimenter dependent, 
as the depth from the slice surface and proximity of selected neurons to each 
other are key determinants in finding a synaptic connection ; generally the 
deeper the selected neurons, the greater the probability of finding a connected 
pair. Synaptic responses usually displayed significant 'r_un up' or 'run down ' 
immediately after obtaining a connection. Ten to twenty minutes were typically 
required before stable responses were observed , and recordings were only 
continued if stable responses were maintained throughout the entire time period 
of an experiment (usually 1-1.5 hours). 
Effe_ct of SK channel activation on EPSPs paired with bAPs 
To investigate the impact of SK channel activation by bAPs on synaptic 
responses , unitary EPSPs in L5 neurons were evoked with and without 
preceding postsynaptic APs . In order to determine the impact of preceding 
postsynaptic APs on EPSPs, postsynaptic APs generated on their own were 
subtracted from the AP-EPSP waveform (see Methods). APs evoked 10 ms 
before EPSPs (-10 ms timing) were found to suppress EPSPs (Figure 5.1A-C). 
Figure 5.1. 
· Figure 5.1. - SK channels suppress EPSPs during AP-EPSP pairing. 
A, Schematic of the experimental approach and recording setup showing 
simultaneous whole-cell patch-clamp recording from synaptically connected L5 
pyramidal neurons. APs in both neurons were paired in the postsynaptic 
(orange) before presynaptic (purple) configuration with -1 O ms timing . B, 
Unpaired (black) and paired (blue) EPSPs in the postsynaptic neuron in the 
absence (top) and presence (bottom) of apamin at a timing of -1 Oms. C, Plot of 
the unpaired (black) and paired (blue) EPSPs over time. Each point represents 
the average of responses over 2.5 minutes (12 responses) ± SEM. D-F, Top: 
Pre- and postsynaptic APs during AP-EPSP pairing at -20 ms (D) , -50 ms (E) 
and -100 ms (F) . Bottom: Unpaired (black) and paired (blue) EPSPs in the 
absence (top) and presence (bottom) of apamin during AP-EPSP pairing at -20 
ms (D) , -50 ms (E) and -100 ms (F) . G-1, Percentage change in the paired 
EPSP peak amplitude (G), integral ·(H), width at 25% (/) relative to the unpaired 
EPSP in control (black) and apamin (red) at the indicated AP-EPSP timings 
(n=6) . * denotes p < 0.05 , ** denotes p < 0.01 , 'ns' not statistically significant. 
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This EPSP suppression by APs required SK channel activation as it was largely 
occluded by introduction of apamin to the bath (Figure 5.1 B,C). To investigate 
the dependence of AP-induced EPSP suppression on AP-EPSP timing unitary 
EPSPs in L5 neurons were evoked at various times after APs in the 
postsynaptic neuron. AP-EPSP time intervals of -10, -20, -50 and -100 ms were 
chosen, as SK channel activation by APs would be expected to be maximal 
during this time period. In addition, these EPSP-AP timings are typical for LTD 
induction during STOP. The magnitude of EPSP suppression was dependent 
on the timing of preceding postsynaptic APs, and was significantly reduced by 
SK channel _block with apamin (Figure 5.1 B-G; n=6). EPSP width and integral 
were also reduced by preceding APs in an SK-dependent manner at all AP-
EPSP timings tested (Figure 5.1 H,I). In contrast, the amplitude and width of 
unitary EPSPs not paired with APs (unpaired EPSPs) were unaffected by SK 
-
channel block(% of control; amplitude: 101 ± 1.82%, width: 105 ± 3.27%). This 
observation is in contrast to previous findings in CA 1 pyramidal neurons and 
neurons in the amygdala, where application of apamin alone increases EPSP 
amplitude and integral (see Ngo-Anh et al., 2005; Faber et al., 2005; Bloodgood 
& Sabatini , 2007; Wang et al., 2014). In conclusion, these data show that 
preceding APs reduce the amplitude and duration of unitary EPSPs in cortical 
L5 pyramidal neurons, with th~ extent of this EPSP suppression dependent on 
both SK channel activation and AP timing. Finally, it is worth noting that SK 
channel block did not completely o_cclude AP-evoked EPSP suppression 
indicating that it is mediated by multiple mechanisms. 
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SK channels in AP-evoked EPSP suppreision in other neurons 
In order to investigate whether SK mediated suppression of EPSPs by APs 
occurs in other types of neurons, we performed similar AP-EPSP pairing 
experiments on L2/3 and hippocampal CA 1 pyramidal neurons. For these 
experiments a timing interval of -10 ms was chosen, as this timing had the 
greatest effect in L5 pyramidal neurons. For technical reasons (see Methods) 
EPSPs in these experiments were evoked by extracellular stimulation. 
Consistent with our observations in L5 pyramidal neurons, preceding APs led to 
suppression of EPSPs in both L2/3 and CA 1 pyramidal neurons (Figure 5.2). In 
both neuronal cell types suppression of EPSPs by preceding postsynaptic APs 
was significantly reduced by apamin, indicating a central role of SK channels 
(Figure 5.2; n=7 each). These observations show that A~ evoked suppression 
of EPSPs by SK channels occurs in a range of neuronal cell types. 
Furthermore, as observed in L5 pyramidal neurons, EPSPs evoked on their 
own in L2/3 neurons were unaffected by SK channel block by apamin (Figure 
5.28). In contrast, unpaired EPSPs in CA 1 pyramidal neurons were increased 
by blocking SK channels with apamin (Figure 5.28), consistent with earlier work 
in this cell type (Ngo-Ahn et al., 2005; Bloodgood & Sabatini, 2007). These data 
indicate that preceding APs suppressed EPSPs via a SK channel-dependent 
mechanism in a range of neuronal cell types, irrespective of whether SK 
channels influence the amplitude of EPSPs evoked on their own or not. 
Figure 5.2. 
Figure 5.2. - Impact of SK channel activation during AP-EPSP pairing in 
L2/3 and CA 1 pyramidal neurons. 
A, Unpaired (black) and paired (blue) EPSPs in the absence (left) and presence 
(right) of apamin using a timing of -1 Oms in L2/3 pyramidal (top) and CA 1 
pyramidal neurons (bottom) . B, Average unpaired EPSP amplitude in the 
absence (black) and presence (red) of apamin in L2/3 pyramidal (top) and CA 1 
pyramidal neurons (bottom) . C, Percentage change in the paired EPSP 
amplitude relative to the unpaired EPSP in the absence (black) and presence 
(red) of apamin in L2/3 pyramidal (top) and CA 1 pyramidal neurons (bottom ; 
n=7 for each) . * denotes p < 0.05. 'ns' not statistically significant. 
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SK channel impact on unpaired EPSPs in L5 neurons 
As indicated above, in both LS and L2/3 pyramidal neurons there was no impact 
of SK channel block on unpaired EPSPs. This result is surprising given that SK 
channels are present in spines of LS pyramidal neurons, and can be activated 
by bAPs (Chapter 3). In addition, previous work indicates that SK channels can 
influence EPSP amplitude in other cell types (Faber et al 2005; Ngo-Ahn et al., 
2005), consistent with our observation that SK channel block increased the 
amplitude of EPSP evoked on their own in CA1 neurons (Figure 5.28, bottom). 
Given that the impact of SK channels on EPSPs has been shown to be 
mediated through enhanced NMDAR activation, we hypothesised that the 
absence of an impact of SK channel block on unpaired EPSPs in LS and L2/3 
pyramidal neurons was because NMDARs activation in these neurons was 
minimal under our experimental conditions. To test ._ this hypothesis we 
performed paired recordings in LS pyramidal neurons in low extracellular 
magnesium (0.2 mM instead of 1 mM) to increase NMDAR activation during 
EPSPs. This decrease in magnesium concentration led to an increase in unitary 
EPSP amplitude and width compared to control (Figure 5.3; p < 0.01 ). The 
increase in EPSP size was presumably due to a decrease in magnesium block 
of NMDARs, increasing their probability for activation (Mayer et al., 1984; 
Nowak et al., 1984 ). SK channel block by apamin under these conditions led to 
a further increase in EPSP amplitude (Figure 5.3; p < 0.01 ), and subsequent 
wash in of the NMDAR antagonist AP5 caused the EPSP amplitude to return to 
that observed in the presence of 1 mM magnesium (Figure 5.3; p = 0.576 
compared to control; n=7). These data indicate that SK channel activation can 
Figure 5.3. 
Figure 5.3. - SK channels suppress EPSPs in LS neurons under 
conditions of increased NMDAR activation. 
A, Unpaired unitary EPSPs in LS neurons recorded in control (1 mM 
magnesium, black) , 0.2 mM magnesium (blue) , subsequent addition of apamin 
(red) and then AP5 (green). B, Unpaired EPSP amplitude plotted over time in 
control (black) , 0.2 mM magnesium (blue) , after addition of apamin (red) and 
finally AP5 (green). Large symbols represent the 5-minute average, small dots 
individual data points. C, Percentage change in the unpaired EPSP relative to 
control under the indicated conditions (n=?). ** denotes p < 0.01 , 'ns ' denotes 
not significant. 
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constrain the amplitude of unitary EPSPs in L5 pyramidal neurons, but only 
under conditions where NMDAR activation is enhanced. 
Involvement of somatic SK channels in EPSP suppression 
Somatic SK channels play a role in generation of the mAHP in L5 neurons 
(Chapter 4) and thus may contribute to AP evoked EPSP suppression . 
Alternatively, suppression of EPSPs by APs may be mediated by SK channels 
located in dendrites and spines. To test whether somatic SK channels can 
suppress EPSPs, EPSP-like waveforms were generated by somatic current 
injection via the somatic recording pipette. These artificial EPSPs (aEPSPs) 
were evoked alone or paired with preceding APs. As the origin of aEPSPs is 
somatic rather than dendritic, AP-induced suppression of aEPSP would be 
expected to be primarily via mechanisms close to the soma. A variety of aEPSP 
amplitudes were used to mimic the range of unitary EPSP amplitudes observed 
in paired recordings from L5 neurons (0.2 mV to 5 mV; average: 0.84 ± 0.09 
mV). 
APs suppressed aEPSPs of all amplitudes during AP-EPSP. pairing at -10 ms 
(Figure 5.4A), however, the extent of this suppression was significantly less 
than that observed during unitary EPSPs (aEPSP peak reduced to 86.2 ± 2.1 % 
of control compared to 70.7 ± 3.8% for unitary EPSPs; n=6; p < 0.01; aEPSP 
amplitude 1 mV). Furthermore, the magnitude of AP-induced suppression of 
aEPSPs was similar to that observed during unitary EPSPs in the presence of 
apamin (unitary EPSP peak reduced to 85.5% ± 2.6 at -10 ms in apamin; n=6; p 
= 0.77). These data suggest that the SK-insensitive component of AP-induced 
Figure 5.4. 
Figure 5.4. - Amplitude dependence of AP-evoked suppression of somatic 
EPSPs by SK channels. 
A, Unpaired (black) and paired (blue) artificial EPSPs (aEPSPs) generated by 
somatic current injection with amplitude of 0.2 mV (left) , 1 mV (middle) and 2 
mV (right) in the absence (top) and presence (bottom) of apamin for an AP 
timing of -1 Oms. Unpaired aEPSPs scaled to the same size to aid comparison . 
B-D, Percentage change in peak amplitude (8) , integral (C) and width at 25% 
(D) of paired EPSPs relative to the unpaired EPSP in control (black) and 
apamin (red) for the indicated AP timings for 0.2 mV aEPSPs (left) , 1 mV 
aEPSPs (middle) and 2 mV aEPSPs (right; n=6) . * denotes p < 0.05 , ** denotes 
p < 0.01 , 'ns' denotes not significant. 
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suppression is somatic in origin, and likely involves conductances other than SK 
"-
channels that contribute to the mAHP in L5 pyramidal neurons. Consistent with 
this idea, the suppression of aEPSP peak by preceding APs was insensitive to 
apamin, unless aEPSPs were greater than 1 mV in amplitude (Figure 5.48; 
n=6). In contrast, SK channel block reduced the impact of preceding APs on 
aEPSP integral and width at both -10 ms and -20 ms for all aEPSP amplitudes 
tested (Figure 5.4C,D, n=6), presumably due to activation of somatic SK 
channels during the mAHP. Apamin had no impact on unpaired aEPSPs 
irrespective of their amplitude. 
These data indicate that preceding APs reduced the amplitude of aEPSPs at 
the soma much less than unitary EPSPs, and that SK channels are not involved 
in suppression of somatic EPSPs when their peak amplitude is less than 1 mV, 
which was the case for the vast majority of unitary EPSPs. In contrast, SK 
channels activated by APs reduced aEPSP integral and width independent of 
EPSP amplitude, although this effect was smaller than that observed during 
unitary EPSPs (compare with Figure 5.1 H,I). Together, these data suggest that 
the SK-sensitive component EPSP suppression during AP-EPSP pairing is 
primarily due to dendritic rather than somatic SK channels when EPSP 
amplitude is less than 1 mV. As a result future analysis was restricted to unitary 
EPSPs of this amplitude or less. 
While the artificial EPSP experiments above assess the role of somatic SK 
channels in EPSP suppression, they do not directly address whether dendritic 
SK channels suppress EPSPs. In order to isolate the impact of dendritic SK 
I 
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channels on EPSP suppression, a low concentration (300 µM) of the fast 
calcium chelator BAPTA was added to the pipette solution. As shown in 
previous chapters, this concentration of BAPTA will perturb somatic SK 
channels (Chapter 4) whilst preserving the function of SK channels in dendrites 
(Chapter 3). Consistent with theserearlier observations, low concentrations of 
BAPTA completely abolished the SK-mediated component of the mAHP (Figure 
5.5A). Under these conditions preceding APs suppressed unitary EPSPs to a 
similar extent to that observed in the absence of BAPTA (Figure 5.5, compare 
with Figure 5.1 ). These data further support the idea that dendritic, rather than 
somatic, SK channels are critical for suppression of EPSP amplitude during AP-
EPSP pairing in L5 pyramidal neurons. 
NMDA receptors in SK channel dependent EPSP suppression 
We investigated the role of NMDARs in AP-induced suppression of EPSPs in 
L5 pyramidal neurons (Figure 5.6). Consistent with a critical role of NMDARs, 
the presence of the NM DAR antagonist AP5 occluded the impact of SK channel 
block on the amplitude of the paired EPSP (Figure 5.6C; p = 0.567; n=5). SK 
channel block, however, still led to a reduction in AP-mediated suppression of 
EPSP integral and width under_ these conditions, consistent with this effect 
beinQ mediated via somatic SK channels (Figure 5.6D,E; p < 0.01; n=5). 
Interestingly, block of NMDARs with AP5 enhanced AP-mediated suppression 
of EPSPs (Figure 5.7C-E; p < 0.01; n=5), suggesting that activation of NMDARs 
by preceding APs limits EPSP suppression. These data indicate that SK 
channel-dependent suppression during AP-EPSP pairing is primarily mediated 
though a reduction in NMDAR activation. 
Figure 5.5. 
Figure 5.5. - Block of somatic SK channels does not alter apamin-
sensitive suppression of EPSPs during AP-EPSP pairing. 
A, Postsynaptic AP evoked by a short positive current pulse (2 ms, 3 nA) in a 
L5 neuron with 300 µM BAPTA in the pipette solution (dashed) and after wash 
in of apamin (red) , showing block of the SK-component of the mAHP at the 
soma by intracellular BAPTA. B, Unpaired (black) and paired (blue) EPSPs in 
L5 neurons in the absence (top) and presence (bottom) of apamin during AP-
EPSP pairing at -10 ms in the presence of intracellular BAPTA. C, Plot of 
unpaired (black) and paired (blue) EPSP amplitude over time in the presence of 
intracellular BAPT A Each point represents the 2.5 minute average (12 
responses) ± SEM. D-F, Percentage change in the paired EPSP peak 
amplitude (D), integral (E), and width at 25% (F) relative to the unpaired EPSP 
in control (black) and apamin (red )° for the ind icated AP-EPSP timings in the 
presence of intracellular BAPTA (n=6). denotes p < 0.05 , ** denotes p < 0.01 . 
A Perturbation of SK mAHP 
D 
110 
a. 
~ 100 
UJ 
-0 
-~ 90 
111 
§- 80 
::::> 
-0 70 
::,'2. 0 
------ 300 µM Intracellular BAPTA 
-- Apamin 
J10mv 
15 ms 
~4 
> 
.s 
~2 
C 
111 
..c ns u o_._ ___ 
Apamin 
Paired EPSP Peak 
• Control 
** 
** 
n f] 
• Apamin 110 
a. 
~ 100 
UJ 
~ 90 
111 
§- 80 
::::> 
-0 70 
::,'2. 0 
60 
B EPSPs -10 ms 
- Unpaired 
- Paired 
Apamin 
_J200µV 
50 ms 
E Paired EPSP Integral 
** 
** 
.. n 
n 
r. 
C 
~ 0.8 
> E 
~ 0.6 
:e 
0.. 
E 
<t: 0.4 
a. 
en 
a. 
EPSPs vs Time 
BAPTA 
Apamin 
IIIIIIfititiiiIIIIIIIIII 
II1!H • Unpaired 
• Paired -10 ms 
w 0.2 -+---.....-----,.------.-----. 
0 
F 
a. 110 
en fu 100 
~ 90 
·ro 
§- 80 
::::> 
o 70 
::,'2. 0 
60 
15 30 45 60 
Time (minutes) 
Paired EPSP 25% Width 
* 
** 
** ~ n 
Figure 5.6. 
Figure 5.6. - SK mediated suppression requires NMDARs. 
A, Unpaired (black) and paired EPSPs in control conditions (left; blue) , AP5 
(middle; green) , and apamin (right; red) for an AP-EPSP timing of -1 0 ms. B, 
Plot of unpaired (black) and paired EPSP amplitude (blue, green and red 
representing control , AP5 and apamin , respectively) over time for a 
representative neuron .- Each point represents the 2.5 minute average (12 
responses) ± SEM . C-E, Percentage change in the pa ired EPSP peak 
amplitude (CJJ integral (D) and width at 25% (E) relative to the unpaired EPSP 
in control (black) , AP5 (green) and apamin (red ; n=5) . ** denotes p < 0.01 , 'ns' 
denotes not significant. 
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SK channels regulate spike timing-dependent synaptic plasticity 
The extent of NMDAR activation is crucial for determining the threshold, 
magnitude and sign of STOP (Markram et al., 1997; Bi & Pao, 1998; Sjostrom et 
al., 2001; Kampa et al., 2006). It has been shown previously that AP-EPSP 
pairing at negative spike timings can lead to LTD in many cell types. Given that 
our data is consistent with the idea that SK channels in LS pyramidal neurons 
constrain NMDAR activation during AP-EPSP pairing , it seems likely this will 
influence the induction of LTD. In addition , the possible impact of SK channels 
I 
on the bAP waveform (Chapter 3) may also influence NMDAR activation during 
positive spike timings, which typically induce L TP. To test these possibilities we 
performed repeated AP-EPSP pairings (60 repetitions at 0.2 Hz) at -10 ms and 
+10 ms to induce STOP in the absence and presence of apamin. As in many 
cases bidirectional connections were obtained the impact of AP-EPSP pairing 
at -10 ms and +10 ms was often observed simultaneously. In the absence of 
apamin neither AP-EPSP timing induced plasticity (Figure 5.7A,D; n=7 and n=5 
respectively), consistent with earlier results in LS pyramidal neurons during 
paired recordings (Sjostrom et al., 2001; Kampa et al. , 2006). In contrast, in the 
presence of apamin AP-EPSP pairing at -10 ms induced robust LTD, whereas 
pairing at +10 ms induced robust L TP (Figure 5.7B,C,E,F; p < 0.05; n=6 and 
n=5 respectively). These data indicate that dendritic SK channels play a key 
role in regulating the induction of STOP in LS pyramidal neurons during single 
AP-EPSP pairing, presumably through their capacity to limit NMDAR activation . 
Figure 5.7. 
Figure 5.7. - Impact of SK channels on spike timing dependent plasticity. 
A-B, EPSPs before and after AP-EPSP pairing (left) in the absence (A) and 
presence (B) of apamin for AP-EPSP timing of - 1 0 ms. Right, EPSP amplitude 
over time. C, Average EPSP amplitude 20-30 minutes after pairing relative to 
that prior to pairing at -10 ms in the absence (black) and presence (red) of 
apamin (n=7) . D-E, EPSPs before and after AP-EPSP pairing (left) in the 
absence (D) and presence (E) of apamin for AP-EPSP timing of +1 0 ms. Right, 
EPSP amplitude over time. F, Average EPSP amplitude (20-30 minutes after 
pairing) relative to that prior to AP-EPSP pairing at +1 0 ms in the absence 
(black) and presence (red) of apamin (n=5) . 
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DISCUSSION 
The data described in this chapter indicates that dendritic SK channels 
activated by preceding bAPs in _ L5 pyramidal neurons can reduce the 
amplitude, integral and duration of EPSPs. Similar observations were made in 
L2/3 cortical and CA 1 hippocampal pyramidal neurons. This SK mediated effect 
was dependent on NMDAR activation and found to play a critical role in limiting 
the induction of SDTP in L5 pyramidal neurons during single EPSP-AP pairing. 
Impact of SK channels during AP-EPSP pairing 
Pairing of EPSPs with single bAPs at negative timings revealed a significant 
and robust role of SK channels in suppressing paired EPSPs whilst leaving 
unpaired EPSPs unaffected. The timing window for SK channel mediated 
·-
suppression by APs closely follows the deactivation time constant of SK 
channels (Xia et al. , 1998), predicted by the decay in the calcium concentration 
in dendritic spines after bAPs (Sabatini et al. , 2002), as well as the timing 
window of LTD induction during STOP (Bi & Pao, 1998; Froemke et al. , 2005). 
Previous work by many groups has shown that SK channels in dendritic spines 
are activated during EPSPs .(Ngo-Ahn et al., 2005; Bloodgood & Sabatini, 
2007) .. This potassium current opposes the depolarization of the spine 
membrane, which in turn limits EPSP _size and calcium influx by constraining 
activation of NMDARs (Faber et al., 2005; Ngo-Anh et al., 2005, Bloodgood & 
Sabatini, 2007). The lack of affect of SK channel blockade on unpaired EPSPs 
in L5 pyramidal neurons under control conditions was unexpected given the 
I . 
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results of Chapter 3, indicating that SKs are present in spines of these neurons, 
and previous studies showing an impact of SK channels on EPSPs in other cell 
types (Faber et al 2005; Ngo-Ahn et al 2005; Bloodgood & Sabatini, 2007). SK 
channel block also had no effect on the amplitude of unpaired EPSPs in L2/3 
pyramidal neurons. Our observation that apamin could increase the amplitude 
of EPSPs in LS pyramidal neurons when recorded in low extracellular 
magnesium suggests that significant NMDAR activation is required to observe 
an impact of SK channels on unpaired EPSPs in these neurons. The reason(s) 
for the difference in the ability of SK channels to control the amplitude of EPSPs 
in LS and L2/3 pyramidal neurons in somatosensory cortex compared to other 
neuronal types is unclear, but presumably involves differences in NMDAR 
activation between cells types. NMDAR activation in LS pyramidal neurons 
during unitary EPSPs is known to be very low, having no impact on EPSP 
amplitude or width (Figure 5.6; Markram et al., 1997), which explains the lack of 
an impact of SK channel block on unpaired EPSPs in these cells. 
Limited recruitment of NMDARs during unitary EPSPs in LS neurons may be 
due to a number of factors. L5-L5 synaptic connections are dispersed onto 
many branches of the basal dendritic tree (Markram et al., 1997). In contrast 
synapses recruited by extracellular stimulation may cluster on only a few 
branches, leading to a more localised dendritic depolarisation causing 
enhanced NMDAR activation. In additi_on, the low impedance of LS dendrites 
will cause EPSPs to decay rapidly, limiting NMDAR recruitment; an affect 
augmented by conductances such as lh. Although the expression of lh is 
substantially lower in basal compared to distal apical dendrites (Lorincz et al., 
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2002; Kole et al., 2006; Nevian et al., 2007), it still might be sufficient to 
significantly affect L5-L5 synaptic responses. Furthermore, some of the 
previous studies in CA 1 pyramidal neurons have investigated SK channel 
effects on EPSPs at room temperature (Ngo-Ahn et al., 2005; Lin et al., 2008; 
Wang et al., 2014). One would expect NMDAR activation to be greater at lower 
temperatures as EPSP duration is increased due to a higher Rm leading to a 
longer membrane time constant (Thompson et al., 1985). It is also possible that 
SK channel densities are substantially higher, or their properties different, in 
other cell types compared to L5 and L2/3 pyramidal neurons. 
While block of somatic SK channels using low concentrations of BAPTA 
confirmed that dendritic SK channels are involved in the suppression of EPSPs 
during AP-EPSP pairing, SK channels are also present at the soma where they 
contribute to generation of the mAHP. Using somatic current injections to mimic 
the voltage waveform of EPSPs at the soma (aEPSPs), an impact of somatic 
SK channels on the integral and width of paired aEPSPs was observed, 
confirming that the SK channels underlying the mAHP can influence evoked 
EPSPs. This effect on aEPSP integral and width, but not peak for EPSPs less 
than 1 mV in amplitude, was presumably mediated by the impact of somatic SK 
channels on the somatic men_ibrane resistance. The absence of a significant 
impact on EPSP peak for small aEPSPs can be explained as EPSP peak is 
primarily determined by the local membrane capacitance and is relatively 
insensitive to changes in resting conductance, in contrast to EPSP integral and 
duration (Lev-Tov et al., 1983; Thurbon et al., 1998). 
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In contrast, the impact of somatic SK channels on the peak amplitude of paired 
aEPSPs greater than 1 mV is most likely due to recruitment of the persistent 
sodium current, INaP during the mAHP. During AP-EPSP pairing, the EPSP is 
generated during the afterdepolarisation (ADP) following the somatic AP. This 
slow voltage waveform maintains the depolarization of the soma above the 
resting membrane potential for ~30-40 ms after the AP, and is influenced by the 
SK-mediated component of the mAHP. During AP-EPSP pairing the somatic 
membrane potential is significantly depolarized above rest by 10-15 mV during 
pairing at -10 ms and 5-8 mV during pairing at -20 ms. Block of somatic SK 
channels will increase the depolarization during the ADP further. This would be 
expected to enhance recruitment of INaP during large EPSPs, boosting these 
events (Stuart & Sakmann, 1995; Carter et al., 2012), and thereby reducing the 
suppression by APs in the presence of apamin. Although we have not directly 
·-
tested this hypothesis, we think it a likely explanation of the data. Due to this 
putative effect of INaP on large EPSPs, evaluation of EPSP suppression during 
AP-EPSP pairing was restricted to synaptic responses that had amplitudes of 1 
mV or less at the soma. 
The influence of SK channels on NMDAR activation 
The ~K channel-mediated suppression of EPSPs by preceding APs was absent 
when NMDAR activation was blocked, indicating a role of NMDARs in this 
process. In addition, NMDAR block significantly increased suppression of 
EPSPs by APs (Figure 5.6), suggesting that AP-EPSP pairing increases 
NMDAR activation. Why does this happen? As discussed above, the ADP 
following the AP keeps the somatic membrane potential depolarized above rest. 
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This somatic depolarization would be expected to propagate with minimal 
attenuation into basal dendrites (Nevian et al., 2007), the predominant location 
of LS-LS connections (Markram et al., 1997), and depolarise the postsynaptic 
membrane of activated synapses. As a result the ADP is likely to reduce the 
voltage-dependent magnesium block of NMDARs (Mayer et al., 1984; Nowak et 
al., 1984 ), enhancing their activation. Under these conditions it seems likely that 
SK channel activation by APs can constrain NMDAR activation, which 
presumably underlies their role in EPSP suppression. 
Based on these data we envisage the following scenario during AP-EPSP 
pairing. Preceding APs reduce EPSPs evoked within a brief time window due to 
a reduction in driving force during the ADP as well as activation of SK channels. 
In addition, other, as yet unidentified, conductances suppressed EPSPs at the 
soma by approximately 15% (Figure 5.4 ). Enhanced NMDA activation of EPSPs 
evoked after APs reduces the extent of EPSP suppression, but is kept in check 
by SK channels. As a result, blocking dendritic SK channels increases NMDAR 
activation, reducing AP-induced EPSP suppression. This scenario indicates that 
the extent of NMDAR activation during AP-EPSP pairing is finely tuned and 
kept in balance by SK channels, consistent with their critical role in regulating 
the induction of STOP. 
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SK channels and spike-timing dependent plasticity 
Spike timing-dependent plasticity, or STOP, is an important form of synaptic 
plasticity whereby the strength of synaptic connections is modified by the 
precise timing of synaptic input and postsynaptic APs or dendritic spikes 
(Markram et al., 1997; Bi & Pao, 1998; Song et al., 2000; Sjostrom et al., 2001; 
Hardie & Spruston, 2009). The postsynaptic depolarization provided by 
postsynaptic APs or dendritic spikes enhances calcium influx both directly 
through VDCCs (Markram et al., 1995; Larkum et al., 1999; Kampa et al., 2006; 
Nevian & Sakmann, 2006), and by reducing the magnesium block on NMDARs 
(Koester et al. , 1998; Schiller et al., 1998; Kampa et al., 2004; Kampa et al. , 
2006). This enhanced calcium influx is crucial for the induction of STOP (Bi & 
Pao, 1998; Song et al., 2000; Kampa et al., 2006; Nevian & Sakmann, 2006). In 
pyramidal neurons, positive spike timings, where the postsynaptic AP occurs 
after the presynaptic AP, lead to L TP, whereas negative spike timings, where 
the postsynaptic AP occurs before the presynaptic AP, induce LTD (Markram et 
al., 1997; Bi & Pao, 1998; Debanne et al., 1998; Froemke et al. 2005). As 
shown in this chapter, negative spike timings in LS pyramidal neurons suppress 
EPSPs largely due to activation of dendritic SK channels, which act to reduce 
NMDAR activation. Consistent with this idea, negative spike timings, causing 
LTD, are associated with calcium influx that is less than or equal to the sum of 
the calcium influx that occurs during the EPSP and AP alone (Koester & 
Sakmann 1998; Nevian & Sakmann, 2004, Nevian & Sakmann, 2006). On the 
other hand, positive spike timings are associated with calcium influx that is 
greater than the sum of the calcium influx during the EPSP and AP alone 
(Koester & Sakmann 1998; Nevian & Sakmann, 2004, Kampa & Stuart, 2006; 
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Nevian & Sakmann, 2006, Holbro et al., 2010). This supralinear calcium 
increase presumably occurs because during positive spike timings the bAP 
depolarises active synapses, enhancing NMDAR activation by removal of 
magnesium block (Schiller et al., 1998; Kampa et al., 2004 ). 
There have been numerous demonstrations of STOP induction using repeated 
low frequency (0.1-0.2 Hz) pairings of single pre and postsynaptic APs (Dan & 
Poo, 1998; Froemke et al., 2005; Nevian et al., 2006), where LTD and L TP are 
induced via negative or positive spike timings, respectively. In contrast, L5 
pyramidal neurons generally require much more intense stimuli for plasticity to 
be induced. Whilst LTD can be induced between L2/3-L5 connections with 
single APs at positive timings at distal dendritic locations (Letzkus et al. , 2006), 
L5-L5 connections do not display plasticity using single APs regardless of the 
timing used (Sjostrom et al., 2001; Kampa et al., 2006). In contrast, multiple pre 
and postsynaptic AP pairings must be performed at high frequencies (20-40 Hz) 
in order to induce STOP (Markram et al., 1997; Sjostrom & Hausser, 2006). In 
addition, STOP can also be induced at L5-L5 connections using postsynaptic 
AP bursts at a frequency that leads to generation of dendritic calcium spike 
(Kampa et al, 2006). Such strong stimuli are presumably required to provide 
sufficient postsynaptic depolarization and calcium influx, via either NMDARs 
and/or dendritic VDCCs (Kampa et al., 2006, Letzkus et al., 2006). 
We show here that SK channels limit the induction of STOP presumably via 
their capacity to limit NMDAR activation and associated calcium influx during 
AP-EPSP pairing. As shown in Chapter 3, SK channels reduce calcium influx 
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via VDCCs into spines during bAPs, presumably by constraining the bAP 
waveform. In addition, as we show in this chapter, SK channel activation by 
preceding APs also reduces the amplitude of EPSPs, presumably due to 
reduced activation of NMDARs. The net effect is that SK channels limit calcium 
influx during single AP-EPSP pairing at both positive and negative times. This 
acts to constrain the induction of both L TP and LTD, which can only be 
observed after SK channel block (Figure 5.7). 
Despite differences in the mechanisms involved in the induction of L To· and 
L TP during STOP, a threshold level of dendritic calcium influx is thought to be 
required for STOP induction (Yang et al., 1999; Zucker et al., 1999, Sjostrom et 
al., 2004 ). As we show here, SK channels, by constraining calcium influx, play a 
key role in regulating the induction of STOP in LS pyramidal neurons. To what 
extent SK channels also influence the STOP threshold and/or timing window 
during dendritic regenerative events, such as NMDA or dendritic calcium spikes, 
is yet to be determined. 
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CHAPTER 6: GENERAL DISCUSSION 
Cortical neurons receive thousands of excitatory inputs, typically onto dendritic 
spines. Through a variety of dendritic mechanisms these inputs are integrated 
to generate an action potential. The action potential not only propagates 
orthodromically, to release neurotransmitter, but also antidromically into the 
dendritic tree. Antidromic or backpropagating APs (bAPs) provide an important 
retrograde electrical signal to the synapses about the output of the neuron. The 
properties of bAPs are of interest as they are key determinants of dendritic 
excitability and also critical for the induction of some forms of synaptic plasticity. 
In Chapter 3, we illustrated that small conductance calcium-activated potassium 
channels (SK channels) constrain calcium influx into dendrites and spines, 
presumably through regulation of the amplitude and/or width of the bAP 
waveform. We also identified that dendritic SK channels are tightly coupled to 
R-type VDCCs, which are the sole calcium source for SK channel activation by 
bAPs. In contrast, Chapter 4 demonstrated that somatic SK channels are 
loosely coupled to all known VDCC subtypes, except R-type VDCCs. This loose 
coupling means that the impact of SK channels on the firing properties of L5 
neurons is easily perturbed by exogenous calcium buffers, and may represent a 
means by which the firing properties of these cells are manipulated under 
different physiological (or pathological) conditions. Chapter 5 shows that 
dendritic SK channels activated by preceding bAPs can suppress EPSPs and 
thereby constrain spike timing-dependent plasticity, presumably through 
regulation of NMDAR and possibly VDCC activation . In this final chapter we 
discuss some of the questions and issues that arise from these results, such as 
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the consequences of differential coupling of somatic and dendritic SK channels 
with their calcium sources, the role of SK channels in STOP and dendritic 
regenerative events, the influence of spine compartmentalisation, and future 
questions resulting from this research. 
Dendritic versus somatic SK channels and coupling to calcium sources 
There is a clear difference between how somatic and dendritic SK channels 
interact with their calcium source(s). SK channels in dendrites are tightly 
coupled in calcium nanodomains and are estimated to be within 25 and 50 nm 
from their calcium source (Chapter 3; Faber et al., 2005; Ngo-Ahn et al., 2005). 
In contrast, somatic SK channels display loose coupling (Chapter 4 ), where the 
calcium influx driving SK channel activation works with in a microdomain greater 
than 150 nm. Such loose coupling at the soma is important to consider when 
introducing exogenous calcium buffers into LS pyramidal neurons given that 
perturbation of the mAHP can have significant effects on firing properties 
(Chapter 4 ). 
The differential coupling distances of dendritic and somatic SK channels to their 
respective calcium sources may give insights into their sensitivity for calcium. In 
both calcium rianodomains and microdomains, the magnitude and speed of the 
calcium signal is inversely related to the distance between the calcium source 
and the calcium-dependent effector· (Neher, 1986). The peak calcium 
concentration in nanodomains is at least 10 times higher than in microdomains, 
with the rise and decay of the calcium signal taking nanoseconds in 
nanodomains and milliseconds for microdomains (Neher, 1986; Neher, 1998). 
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For an effector to be sensitive to a single calcium source within a nanodomain, 
particularly in the presence of other calcium sources located only 100-200 nm 
away, it must have a low affinity. In contrast, effectors located further from their 
calcium source must have a high affinity, as they need to bind calcium after the 
concentration has decreased due to diffusion and equilibration within the 
cellular compartment. These data suggest that the affinity of somatic and 
dendritic SK channels for calcium is likely to be different. 
The calcium sensitivity of SK channels can be regulated by phosphorylation and 
dephosphorylation of calmodulin by the kinase CK2 and phosphatase PP2A, 
respectively (Bild! et al., 2004; A!len et al., 2007). There has also been a recent 
report suggesting that PKC can also lead to modulation of SK (Buchanan et al. , 
2010), but the site of action is unknown. When calmodulin · is fully 
dephosphorylated, SK channel affinity is high (EC50 ~0.3 µM). Conversely, fully 
phosphorylated calmodulin confers much lower calcium affinity (ECso ~2 µM) 
(Bild! et al., 2004; Allen et al. , 2007). Based on these observations it seems 
likely that dendritic SK-linked calmodulin is phosphorylated , giving dendritic and 
spine SK channels low affinity for calcium and thereby forcing them to work in 
nanodomains. In contrast, somatic SK-linked calmodulin is likely to be 
dephosphorylated, and as a re.suit SK channels at the soma would have a high 
affinity for calcium allowing them to work in microdomains. While the 
phos.phorylation state of calmodulin . at different locations in neurons is 
unknown, our data predicts that it is likely to be different at the soma and 
dendrites of L5 neurons, which would be expected to impact other processes 
known to depend on calmodulin and could be tested experimentally. 
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The activation of M1 receptors and the subsequent activation of CK2 or PKC 
has been shown to perturb SK channel function in CA 1 pyramidal neurons, 
indicating that SK-linked calmodulin at dendritic locations is not fully 
phosphorylated in these neurons (Buchanan et al., 201 O; Giessel & Sabatini, 
2010). This suggests that a proportion of SK channels in spines in these cells 
are in a high affinity state. Differences in the phosphorylation state of SK 
channels may involve modulation by neurotransmitters such as acetylcholine 
(Buchanan et al., 201 O; Giessel & Sabatini, 2010) and noradrenaline (Maingret 
et al., 2008). Nanodomain control of dendritic SK channels also allows 
modulation to occur at the site of the calcium source. In striatal MSNs, 
activation of dopaminergic D2 receptors leads to modulation of R-type VDCCs, 
the likely calcium source for SK channels in these neurons, in a PKA dependent 
manner (Higley & Sabatini, 2010). SK modulation at the soma via modulation of 
their calcium source is yet to be demonstrated, but is less likely given the range 
of different VDCCs involved. 
Dendritic SK channels and synaptic plasticity 
The impact of dendritic SK channels on STOP in LS pyramidal neurons 
(Chapter 5) is presumably via reg~lation of calcium influx for both L TP and LTD. 
As a result, dendritic SK channels set a threshold for the induction of STOP in 
these neurons, similar to n~urons in the amygdala (Faber et al., 2005) and CA 1 
pyramidal neurons (Behnisch & Reymann 1997; Stackman et al., 2002). In 
addition to their role in plasticity induction, dendritic SK channels in CA 1 
pyramidal neurons are also thought to be involved in plasticity "expression", 
with changes in synaptic strength associated with SK channel internalisation 
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(Lin et al., 2008; Lin et al., 2010). It is unclear whether dendritic SK channels 
are modified in a similar way during STOP expression in LS pyramidal neurons. 
SK channels and dendritic regenerative events 
The work in this thesis has used relatively weak activity and stimuli to activate 
SK channels, as occurs during single APs and EPSPs. Physiological activity in 
cortical neurons is often more intense leading to the generation of a variety of 
non-linear regenerative events such as dendritic calcium and NMDA spikes 
both in vitro (Larkum et al. 1999; Schiller et al., 2000; Kampa et al., 2006b; 
Larkum et al., 2009) and in vivo (Lavzin et al., 2012; Smith et al., 2013). The 
large depolarisations associated with these events, caused by calcium influx in 
some cases, often facilitate high frequency (200-300 Hz) bursts of APs at the 
soma leading to a large increase in intracellular calcium (Palmer et al., 2012; 
Smith et al., 2013), and potentially the induction of plasticity (Kampa et al., 
2006; Hardie & Spruston, 2009). The capacity of SK channels to influence 
active dendritic events has largely not been investigated, although it has been 
shown that they can influence dendritic plateau potentials in CA 1 pyramidal 
neurons (Cai et al., 2004 ). Wider functional roles of SK channels are anticipated 
given the large increases in calcium triggered as a consequence of 
regenerative dendritic activity. · 
Spine compartmentalization and dendritic SK channel function 
Even though there is no direct evidence presented here, it is likely the SK-
mediated EPSP suppression by APs (Chapter 5) occurs in dendritic spines, 
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probably within the spine head. This idea is supported by evidence from 
immunohistochemistry showing that dendritic SK channels in pyramidal neurons 
are mainly localised to dendritic spines (Ngo-Ahn et al., 2005; Lin et al., 2008; 
Lin et al., 2010). In addition, there is functional evidence supporting tight co-
localisation between SK channels and their calcium source during synaptic 
events (Faber et al., 2005; Ngo-Ahn et al., 2005; Wang et al., 2014). 
A recent study provides evidence for compartmentalization of GABAergic 
inhibition in individual spines, which not only affected excitatory synaptic 
responses but also calcium influx during bAPs (Chiu et al., 2013). These results 
suggest that modulation of SK channels at the level of individual spines may 
work in a similar way. SK channels can be modulated directly by the activation 
of multiple intracellular pathways controlled by M 1 muscarinic (Buchannan et al 
-
201 O; Giessel and Sabatini 2010), and noradrenergic receptors (Maingret et al., 
2008), as well as indirectly through modulation of R-type VOCCs via 0 2 
dopaminergic receptors (Higely & Sabatini, 2012) and internalised from the 
plasma membrane via the activation of ~2 adrenergic receptors (Faber & Sah, 
2008). Given the critical role of SK channels in regulating the induction of STOP 
(Chapter 5), the modulation of SK channel function in individual spines by any 
of the above mechanisms could in principle modulate STOP with single 
synapse specificity. 
Future Investigations 
There are three major results presented in this thesis. One, that bAP-evoked 
calcium transients are influenced by dendritic SK channels, possibly by 
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modulation of the bAP waveform (Chapter 3). Two, that dendritic and somatic 
SK channels are differentially coupled to their calcium sources (Chapter 4 ). 
Three, that dendritic SK channels supress EPSPs during AP-EPSP pairing and 
thereby influence the induction of spike timing-dependent plasticity (Chapter 5). 
These findings highlight the diverse functions of SK channels in neurons and 
prompt further investigations. 
The influence of SK channels on bAP-evoked calcium influx is likely to occur 
through modification of the bAP waveform. It is unclear whether this is due to an 
effect on bAP width and/or amplitude. In addition, it is unclear whether such an 
effect can occur in individual spines or whether the observed effect on bAPs is 
distributed along an entire dendritic branch. As changes in calcium influx do not 
give direct information on changes in the underlying voltage response, future 
experiments could investigate this using voltage imaging with voltage-sensitive 
dyes. In addition, it would be of interest to investigate the impact of modulation 
of SK channels in individual spines on bAPs and STOP. This could be achieved 
through the use of caged neuromodulators known to modulate SK channel 
function, such as caged carbachol to activate M1 receptors. 
In our experiments showing . that dendritic SK channel activation causes 
suppression of EPSPs during AP-EPSP pairing (Chapter 5), the absolute 
requirement for bAPs is unclear. While there is good reason to believe that 
bAPs are crucial, the afterdepolarisation (ADP) following somatic APs and its 
influence on NMDAR activation complicates the interpretation of these data. To 
determine the relative importance of bAPs versus the somatic ADP in these 
Chapter 6 97 
experiments, somatic current injections could be used to produce ADP-like 
voltage waveforms at the soma without eliciting an AP. These artificial ADPs 
could be paired with EPSPs to investigate their impact on NMDAR activation 
and SK channel effects. This experiment can be used to determine whether SK 
channel activation during bAPs, versus activation purely during the EPSP itself, 
is critical for AP-induced EPSP suppression during AP-EPSP pairing. 
Furthermore, the precise location of SK channel activation in this phenomenon 
is unclear. Although this effect is likely to occur in the spine head rather than the 
main dendrite, direct interrogation of calcium influx in spines and dendrites 
could be used to investigate this issue. 
The impact of SK channels on bAP-evoked calcium influx was greatest at more 
distal dendritic locations (Chapter 3). Furthermore, it is known that NMDAR 
activation during EPSPs is also greatest at more distal locations due, to an 
impedance gradient present in fine dendrites (Branco & Hausser, 2011 ). Taken 
together, these observations suggest that the effects of dendritic SK channel 
activation on STOP are likely to be dependent on the distance of active 
synapses from the soma. Given that the L5-L5 connections studied here 
synapse between 80-130 µm from the soma (Markram et al., 1997b), the 
influence of SK channels on STOP induction may be greater for more distal 
synapses versus more proximal synapses. Multiphoton photolysis of caged 
glutamate could be utilised to test this prediction as it allows the experimenter 
complete control over the location of the active synapse being studied. 
Alternatively, distance dependent differences could also be investigated by 
seeing whether there is a correlation between the amount of STOP induced 
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(with both positive and negative timings) and somatic EPSP kinetics. A sample 
size larger than the one present in this study would be required for this type of 
analysis. 
Conclusions 
It is clear the SK channel function is both complex and diverse in L5 pyramidal 
neurons. Although initially thought to activate relatively slowly, results in this 
thesis have demonstrated that SK channels activate fast enough to influence 
fast electrical events such as bAPs. In addition, the investigations into SK 
channel function during unitary EPSPs have revealed important differences 
between L5 pyramidal neurons and other neuronal cell types where SK channel 
function has been investigated previously. Finally, the observations presented 
in this thesis point to a critical role of SK channels in modulating synaptic 
function and plasticity, potentially at the level of individual spines. The next step 
will be to determine to what extent these observations can be extended to the 
intact brain in vivo, and how SK channel activation regulates brain function in 
the awake behaving animal. 
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